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тШтнт, 


<u>t«o! jLwo'y I oluid! 


J — х4*3 

Preface 


ol с-л oL?ojU>JI j_o j_)wL*J| j jJ> c 3 ol jj«_~Jl cJt)Li>“ 

^Jl SwbljJuJl 4 _p-L>JJ t Nanotechnology J^JLJl U-jJjjJJJI 

j_o jOUJl Js_o>cJJ ^^3 ^_*_o jJL_sO> ^__3 jJ ^Jjj t ^MUl ^Js^3 j _o Ls ^_*_oJl 

oJ_a Lp c-^bJJl Ula .^jj>cj_Jl jL>c_Jl l_Lg_> j*.o.*^_.oJl ^j__ws> _Ls^_J I j pLJ_JI 
LLi j» 4L*_sij |J Jjj .JjjLJI L_>- jJ jjsSJJl Jl j-LP jJ-Jj J*L>- j» cUI_l&VI 

^З JIjJI ^З 4__sOj_Lo Ll<>_3 J! _L*o ( jj_ojJ>- jUo2_& .j ^_s*_o_s>-j (^jjJjJ JlolLL_s>) 

J*U>“ LoUJl_sJo J*_«L>- t2001 ^_lj J>L>“ Lj_o>- ji ^з Lo>- jJ jL^Jl _L^_*_a 

^ ^j-syg-yg-^LoJ j_a ^_solj o-i-Ji? Jj_\L-J j ji_<J I I J_& Лд) .2002 c fl_> j>- 

4_sO_LL^Jlj C jJ j____o_5Lll 4 _sO_L_Aj C f' L j^_^J|j C ^Lj-oJl J C *L_o_Jj! ^j3 j_s>- J>^° 
^>L5 j3jj ^>_L p ^k-sl L j . з! j_oJl ^%—Lpj c <\_o L_o__^J I 4 _sa>_ll^JIj c 4_Jv_o LSLwoJ I 

O*)l>oi j_a L/ 1_й_л j_LL_s> L j-L>“! C ^j_sO? j_oJ I CoL-LLjoJ jos iJ j_i_*_o <0- L_sOJ ^к-жо 

j j _i_oJ I L)l j_a ^_P j-^l ^LpJ *• j-^Jj .Of-I j_iJJ 4ojj j-ygJl o^LoJl j^ j_)J <L_o_Lp 

O^LoJl ^З oL j_*_v2 jP !j j-sP < '^yJaJl j» _b_L*Jl (jli C _Lo>- Js5Uo 4 _Lo2o 

4_>-L>cJ| L_\o>-j LUJJ 4j>c_sL} . cO>L/ Li_oJ I 0 J_ft> jos 0 jsLJl 4_P j_oO>c_oJl ^jJ_P LLo-LpI 
C jLSLsj t 4 _>- joj 4J_5sJj C £_wO?I J- oJl j» £-sol jJl c— I (J-so2j ^кжо c__>L 5" ^Ji 


j__4 LJ LgjoLdJj coL jlLJl ^_Lp Js>-_lo 


/>lk!l 


jOojj 


c_ _>*U> ^^Jjj c j_so>- j- >t -''“ 4 j^ j-slo>“L (_3^i JU*“_\oj J ^ J ** I“L5s_A> 

uL5Jl !_La ^_l>ol_vsj L)l Ls/ 2_>! j_5Loo .4 _w*_>jL>cJ 1 ^ ,L>- 1 j-a 4o L^o ^з 1 j_>t__v 2 l 

^J_s^>s j_5sO>L!j ^ j_s^_P i»s.S | < 2 . 1 1 J ^^_s_oo 3 L5 1 ^ ^_s_s.>~ LJJ C ^ j_Ls/2os J C |^_s3 £_>- j-oi” 

.JIo>c_oJl lsi -Л ^Jjl ^LoOaI ^j3 

1^0 c <>ljo>-! 4^_s^o (_jLp j-sp j j-^ t)Lo23 jj jJ^S ' j ^з c > L5L I 1 Jo* ^j_Lsj 
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Ji ^|-о2.Э J5 (jjs £_9 jJj . JL^jj (JvSvJ l -ч<2 ^ ' 4_l2_L j_> J.^/2.3 J5 4 jLx5" 

^Jj L-L-l lJl ojbLe LlI (j_^*_a Jl_>c_<J c 4_ж_>-1 ^j-vLj c <LsL> 3 jJL 

UJ I JsLLJl ^ws^lj-Jl ^_*>sjJl ^ji-p < >*LJl ^*_o>c_Uo ^*jj . ^LaJI 

L LS" LlI >j * cJ^ 2 ^ J^ J Jj o j3 jjlLI ^_>-l j-Ul oJ J*L>- 

. 4w_*> Jj_^j| j ^ j_l_*Jl ^З ^l j_JJ 4oJ_L>c_<Jl 4_wo_J_*jJl 4_wJl_>Jl jj-Sl jjJ LL jJao 
4-Jo £__jalj-oJl ^LLpLj ^_o__> L_o ^-^-Jl o j^^S' aLjJI LJ»ljLJl ^pLL ^*j c LL) J5" 
f-L C (j_^_OJ IJJ. J_v2_Js 4__LL»J ^JLLcJ ^2 J-Jl jA jL"! 4 _Lj2J L^-JLp 
<_jLxDI lJ_& L^_)jj>co ^jJl ^_s^l j-Jl ^y 3 J-^LDl <^j_o_>c_Jl pLlap| c L jj^ ^L' 
lijj .^-j-Lj-a (^l ^ j-o-Jl (j^j-Jl jj^ ^j -л c4__*_<jL>- C_va> L i J*>L>- 
Laj l)L> oL (_5^ j-* Lli c<Jj>-j/l ^jj jL>-L ^LJl ^LojJl (JjsL*JI twJJaJ 
(j_« ^JLj L (_5^ ^lJ_p L>L>I jl jijj L_^_j*y C Jw.15 J_5 Ll> j_jj_>- Jjl 

Oj^ (j^s <Jj>-l j L$Jb _l>cj J j^/gj LJj>- (jSLo c LLL (_£J_*j Ls .^1 j-<JI 

.^Ijjs (_yL U (^э (_^L j5>L> ^l LLJJJ j jSJ (1)1 

.4_Jj_Ls oL>l J_S" L^jsIJjLlL (j_SLo 4_Lj__*> I / JjLos (^_L ^LSvJl ^jJL>cj 
_ ^-<>_>c_<s (Website) ^SLUl ^_э j_<s (JoLwLl oJ_^J J j-L>- ^L>c_J (J_SLjj 


•jjy 5 


4_o_L^j 


(jj^-^-^yi ^Jtp-Ul jS \_j> jj.s (^^ 3 j_^_ojJ I IJ_a ^L^ol L_SL_j *У c 4_>L^jJI ^з 
.sw-^Ljl^JI Ij_^J jjJ j ^ >c_L I ^j_l>cJI ^_j) . ^J. ,л./2 . $ (_JL 4_>LS" (^_э I j_^_aL (^ JJl 

L^i ^4-^j^ 3 |>-$-uLS jl <w?l>- c ^ - o . ^ ll j ^ojL ^LI ^jj_*lJI I J-gJ ^ .^U> 

LlI з jj . (jw 5 L 2 i>- 1 ^Jl 4 _^_>- jjs 4jLS (/^>s ^cSJ 1 ____ж_о ^1 j-*j c ^ .> jLLl jj_^_o_>- 

L*_o>c_*xJ ^5 ^jjJlS L jl (Vj_J_SL ^jj_*_> jL j ^ i jj c__oL ^Jj jSLJ L> 4_>- jjo jl 

J jjLS ^^J} jA^l I LL)j_Sj c 4 _<sLjI 4jL*J 4JjLjj ^j j_LoJI I_Lj (_ 3 jLi 2 j*yi ^_^-L 
o—> jLDl (j_<s JjJjJI ^_^)| LL) jS c (Jwws^LLL) jLo_<Jl ^-^-^Loj/ (_£ jJI jZ* ^jw>-j 

(Jwoj c ^j-L— o (jjjLj c jlolj (jj^jj 2 _w_*> j£s-z*s jl з jj .Low^js c_> L__>b L vwoj 
C L>- jJ ^SLL) L_>- _L^_*js ^La'yi j jLoJl jj jLj (^З J_pL_oJ C-»jL^jjIj 

. (J j_j2jjJl j/2aj 4_P LL (^З 4Co_aL_oJ j'S _Й_) LbLj 


J сГ^тГ 

James R. Heflin 


lSj-41 
Stephane Evoy 

UUb <.LeJ^*>Li 


I JZ3 jjLLo_wjLo 

Massimiliano DiVentra 

LJjjA-JIS" l jaoO jL_v 
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4 aJucuJl 

Introduction 


Lo jJC (JL>c_^j j_& (Na.noscB.le) jjLJ! ^.^LJL ^*J_pj aJ LL L)} 

^_9 £jj__*Jl ^jJLlJl .‘LjJ, ) ^ ll j ^j_l_x_ll O^JL^c-js j-A 
Ljjj>Jl aj^>JI ol5^>c_<Jlj c (Molecular electronics) Ll>j>Jl oLJj^SJ^/ 15 
^^Jl Jl ^^Jlp ^j^Jl ^ylJJl £wo>*Jlj t а™ 5* ^Jl (Biomolecular motors) 
4 Ja__J j_j Lol j_sl oljJJl ^JabcJl j t (DNA) \ уэ j-i-Le ^j j-Jl 

(Nanotechnology) ajjJLJI aJLaJI сл^?! c(STM)iJJJl a>^LJI уь!>с_<Л 
jL>s lJJJ_S”j c I j „Lo-LJl jA 4_w«L <Lpj_o_>c_oJ ^лл> J*>l j-J jJ 

.^bJl ^l jJl aJ>c>jj ^Ьла! 

jJL>s j_jLJ| C J jJgJl oJ _ j>-j JtJL ^j_a jL>c_Jl I J__A <__3 j_P C J I J_Jl ^_Э 
^ .ojLJl LLJjj JJJL ^LfJl JJ>Jl L 4 JI ^tjJj LL~^ t(lnm= 10 ' 9 m) 
*Lj__9 (j-^l jJj <bJ_>c_a a___*>La> 'У I L^-yg_j L/?, >- j djljJJl jj I (1)1 LJLL l Jl 

LjLpIJj| (j__Jaj Ljj ^>- <ijjL« J>L>“ j-o LJLi_j ^j_oLJLa у*-^\ JL c^_^Jl 

о-Ц j_>- JLSLjI c_JJ y L^_J j_>c_l_a>Ij oIjJJI j_o j-»lj JJ-pI ^.э 

^>з oj_g_>-!j J j -л ^Lo ^_э ! a_jj_)LJI aJLLJI ^Jwo-p L)!J-w<j j_& Ij_aj .oLJl ^j-a 
ol jjJ IjJLa ^.^jjjj . L j! j_9*yi oLjj_>tJlj oljJJl ^ jjl-^ ^J l (JjJj ^Л>о 

jJ2-y ^_Sj <• L^-JlP 4_ij L^JLoJl L_j LLlII j-a ^^JlpI С_>1 jL^_a J L/2 _>c_> 

1j_5La jjp la.^ s 0 j _^vwjja ^Jwo LSLJ L aJl j_>- j-^1 jJ^ ^J) ^jJ jJL c d)L>-'yi 


^jJLJ! a_>c_jo j_wwvaLoJl jj J_L*J I cJL>c_oJl I J-gJ jaaJI j_ojJl (jJL> cJ j_aJ 
jijj . 1_л (^jJl ^xJJ oj__o_oJl oLlv^JI j-__^jj apLs^ (JL>- *!)LloJ I 
^L^Jl <__ol>Jl J-^-J Jij 1 J_a .aJLajJI 0 J_& ^j-SLowoJJ ^lLjLai 0 jJL I *j>cJl 
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1^_Jlp jJlWI t ^(Paradigms) j-o j-Ja^J j 
Jl ioi» IXj . (Bottom-Up) (( ^J^\ Jl ^ji» ja j (Top-Down) «JjL**I 

^JJ *l>-L>cJI ^pJJ L>iox>- oli j^S Ц -Lj cJlj^j o j^r^l I ^L-L^-'yij w J jL*»I 

Aj>-j C-L>cj oL>cjJl JwO-*J Uj L o -л 4_Aj ^J ajj t ji-s^l ^-vwoLL ^jA ^jjjS^j 

l Lil jS ' jjJJl clL-lLl <laj ^J aJl с>Хл clw2l>cJ JiJj . ^L>- jJl ^yo 5 j—S J-iS" 

.A^jj ^^^-oJl A£* L-^aJJ ^^-jLwj'JI jjS" j}\ 

j-Lja'y I oli j^oJl ^/aj c-JJaJo W^LpI ^Jl ^li» IwLoj L)li c ^ J>-\ A^s>- ^ул 
|j_JL*i j £\ j jS I ^Uaj jjjJs . J ^jo2-*-Jl L^_vL*_i (<Loi ji^Jl C. ->LjJj>J|j oljUL) 
I ajj_l>JIj LjL>JJIj iJLo-iJl oLJlooJI (Leveraging) coLJ L*_s LjLl lL^j 
Lo2_>I lilL_LLL 4-o_wP-L) ^ ^jpL-yaJ I t*__oL>cJl jl Lo_S" .L_*_wJa ^j.^.>co 

.(_£ jLs ^jLJl ^LioJl ^C_^*i)LoJ 0^wO_oJl doltf .,<all ^j—_*OJ ^jsixj ^jS 4_о_^_Л 

^c-soLoJl ^jnosx-oJl LiLL J L>c_jj ^з ^/?LoJl L) jjJl clLj-oLo-i ^з ^j_LJ I jij S&}j 
LjJJl ojiJl 4o j (Scanning tunneling) ^jioLJl ^c-oLJlS" (Scanned-probe) 
LsLsi^/L .olj jJaJ I JlSL^J J>-jo>Jl LjJJI JLjl^I (Atomic force microscopy) 


ai j c^IjjAI L-ojJl jl (Jliil c (j ^SLJl Ja_ojJl ) ‘bL (Paradigm) ^J«_oljL ^JJa -оьо Ls ^- ў jSL»_j (#) 

(jl dj. j — ~~L J_)_C>- ^ j ^,4,о_) 4 j j_L>tAl 4_i_Ul Jj j_XX*Jl 0 j-iJl J-o LJLsU__J| ji>-ljl _L_o 4_JiiLl o jjb CJ jS> 
^Э ‘Uiidl O-jLS" ji J . L>- jJ j-o_vX_v_A 1 J I <13 jJl 4J jla.'..) уй jl ^o-L j/?Q^ (^ I /jo-v 3 j+Sjb Ja_»_) 


^l_0> I XL_Al 4__>-l_j j_o LoJisJJ 




: jl5, 


c LiJJl JcpI ji o^-o^li ^Al J jl 


jo JJbo ji ^Jisj_ol Li>l ‘tiJJl ^ jJlp ^э j .4jISL>- jl LjLlAI Hx^Jl jl 4j«JJl ,Лр 1 ji ^э LJ .j /э .,<? I 


.4^-Lixil c__Jl jLl oli j^aluJl j_o Lijlia JJ jLLJ fL»oljL LJ5 Ferdinand de Saussure j y» y» 
4_p j_^_p (_Ц 3 jliMJ L^_ojJ^j__«l I_oJj_p j-s^Ldl LaL_*_o UOSUI oJ_gJ L) j-S ^_oLo y> <_i j__v_L_aJI ^Ja_p , l 

O L>s_Ua_va_o 4___оъ j j5 015" Ji j c cJ__3 jJl j_o 4U_*_o 3 ^ХЭ с1*Я>- ^oJ-P ^a-oa^- ^l OJ-P ^xJl oLojLoil 

4_i_U I iJo_LP jjSI 4 _oL*JL L)L*_o L^-jJ si___>- c 4_J_p t_ijL*jil (JSLxJL 4__J_*Jl 4_> ^JaxJl jl oLi*il a_L*JI JL> 

! 4ol ^_*-OljLJl _ (_£ j£a}\ Ja-ojJl « 4 j j-*AL> 0 j5 ^li (‘LwUoJl ol j jjJl 4_Jo) 4_)Ь5 jSdj C (L J-Ja»«_A I 

J j_o2j>-| ^J_>-l j_o L^_3 LL5 jLs*< I j Lg_>- j_L ^jJsjjiil j_o ^xJl 4_L__o*y I .oJJLj <си_э1 ^_o j5L»_j (^JJl ^j-L jii 
o_>L j>xUl ^jLo j___v_4j jSL»_) t__i_5 .^JXso'Jl oJ_a 4_j_) j vAjjP j^<»_) s— LS .^yj ? jiL (jJ_*3j L__3 ujLI>-I 

|j^_Aj (Jllo jl Ja -00 jl ^jUa) ! Цл1 (J^- p_i_o! jL 4 _oJ5 jjLwSI ,j^> jo>li <_ij^_) C siLL j _0 *>L)J_) jl .4 __o_L*J| 

4 ^-Ldl olj^'Jl ^а Lo j 4j j>xJL ^LviJl jSLoo c LS ! j_a ^_*j^IjLJI ^ j-g-U. L) jS c <ъ ^л!) ^э ^э1__5^/1 o jSLil oL 

L^_J_f- _ijLoil t__ojL>oJl 4 s- j^>>p j-* c_£ jSLJl Ja_ojJl jj5j c ^L*il ^_L*Jl jLL) ^э 4jli la^_Aj ,4o j>*xJL ^LJjJJ 
jl £il jJl 4ojj (^Э l-OJ_P jjS I 4 _aj jja _ULJl (^ jSLJl Ja_ojJl ^JJLo-jj .La j-L>- р-1_СО»-| ^Jo L)l jjJil jo> (_^Jl 
.(^*_>- jxli) ^LJl (^L*Jl ^gxil ь j^> JS\ OJJ^j c ^J^ix-wi.1 ^э st_>L»ol j^> ^J-vAj jSL»j L ^ ja>- 
43jj (d^ - c jX_v_o ^Ja_v*. (d^ - ) jl L^XpLL ^*_Х) 3j j^aJl sl-...?- c 4^-LlaJl 4_J_o_P ^A Lil у£* jX_JJl (^iHif) 

oISL 'У si__va»- (jJaLll ^o J_oL*xJl ^*_Xj L/va>- (_j3 j_i-L JaLsXa'-'JI 4__*_j ^JL*Jj c s_>- jl ^ j-OiVl jl siLjJl j_o 

,(^j>- jXll) j^J-l -L^aJ 3j j-sjaJJ 
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[Jj ^ ^ -3 « IN* 1-J ^Jo >-\_Ж_0 4wO ^.^N^*» ^.^L^-O. Jl С. О Lw— Д -L ' 0 _Х»Л 

с_—Л-_л»*У1 j\ ^J ^JaJl ^j -л 4 _*^>L>cJ| L^-lP jj»jy O-c 


dii, Ji 

Lw2_oJ I 


*- p - i ^LJLj t (jjJLJl ^jai 

.aLJjJI Яр1х^> J 

oLpj^>c^ j j_^J> ^]| L> jjJI LliJl l.,J >1 c_o! t o*)LpI JliJl LsLjNlj 
J5 j-J I oLjJLJlj t (Fullerenes) oLojJjJJLS’ j>I j_<Jl J^LSLJL oJU-L>- 

i Jl jJjJl JJ-«J ^jcJl t ( , ) Quantum dots) L-oj-oJLJl JsLLJlj (Nanocomposites) 

t_jLSJl II »j>Jl LoJ .J-oLSJL oJU _JL>- o j^_>-l j ^j-J Building blocks LJLJl 
J— SLlj j J jj^SJI 4_J_jI_JS” t oJ_> jjJl L^jajLjaj>Jj ь1 j_j IjSL^J 4_L>LL 5 jJSj j_s j— з 
(A spect L;_pLJI t___jJl cjIS oLI j L .»*У1 L^j_ Л -s^ ^ C >с_-Л C. O l 3 

oLjJLJlj t(Nanotubes) OjJLJl t____jLSlL Lsjj_j«_qJI LJLJl ( '” K) ratios) 


LjjLLs 4JwwO>c_»a ^o2ob/g->-- j_*o ‘cLLos-cos ^l jj_/s ‘C*-Lq2qs ^Jo j c 4-^5” j-oJl 
^ oL>cLJl o*!)LeL>- j*/?> cJ ^Li ^&j ^ 4_^э j_o_^Jl J^ULJIj c Lol jiL/l Ll>LS" j»oo 
- c5^l У 1 jXJ ^Jl 4jj-v2-Jlj Lo J 1 ^ i ^jLq 2 >x-S' LoLo 2 jJ| .iboL/l £-vOJ>- 

c ^joLJl ^j-»»L-5-oJL 4_pLlo 2_U ^L^-ki Lw*> 'У I LL»-o_l I ^Lp j->LJI jJ" j-> Lo -^з 
jj jJao ^-3 j -Л 4 ojjLJ| 4j LaUJ J-*j L l I o_3_LgJl Jli C ^wo->cjJlj CjI J-^O woJl coL-j? jj J 
pLwJ»I ^jo j-5Lj ^jj> j c i-JL>cJl oLo>J j-LSLJl *LI ^-Lo^o l_£j_5Loo 3 j_^_>-lj ^l joj 

.LiS' c-owb- ^Lo-p *bl o J j j_>- 

oljjVlj jI j-oJl oU-^JgJ ^J-p ‘*—>L5L]| ^j -л VII ^Jl III p|jj>-'yi j5” jJ 

C iLwwwwl2J_*_x>J I J cOLojy^L!>l ! OsLp CjL/ L>c_j3 Lwo-> ^oLLLo-JI LjjjL 

.pL>-L/I 'ё ' j c Lj-o2-JI oLoj jX^JL/Ij c cLLo15L-oJIj 

^jLp <lLLL» o jJ5j l^iL-wo ^LUl LjjL oLoj ji^J'yi ^Ip III ^j>Jl jij 

^Jj^jJI JJ Lqs Ц 5Л cLJL>Jl (Microelectronic) iJj^5Llj^5L-Jl LlLJl 

oLojjsJl ^IJjLcloI JJ .1 jJ-o^ .ibjj j>L>c^L Loj oj-g_>-l ^bJl j^-> ^-оЛ*— oJl 
cjL j5 Lo-5 ^>-*У1 4jj_o2-Jl oL5 ^-oJl jl LjjLII Lo jj ^ 5L I c_— oL'yiS”) Lol ji^/l 

lJ_& ^_з Lj 2 j I j_ 3 j . LJL>JI Loj jjJLL/ 1 0 j^_>- *>J 0 j_pI j JolJo ^1г-жо Loj jx5L j 


j-e Lg-Jl jj ^iSJl Llj| jl <iL>l tjl I J-> 3 j-J-o? 5 jL> j-o 4__л j_*iJl LajjJl OiO 

jl oJj_*-Lo 4-JL» j^>- OjLp j-<»_>Jt j5Jj C <U_o 4.1а.Д.) C ^JaJL) C Oji .oJ_oj-o 4_й_> j-L) 

,(^->" jLl) 4— /?L-I oJu LgJ 

.(^or jiil) b (j j _pLl J jl? <_Ц a иГ _-1_«‘У1 j _pLl J jJa 4_wJ ^ «a:b = r (aspect ratio)» (*X--;|c-) 
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0 -v 2 j>J jJj c j_>- oj_£>-! I-lSJ^J Я -JLj-s-iJl ^j^jLvsJ-JI ^JJ Jj jJajJl pj_>Jl 
i^j^r LiJ.} 4iLs>^/L .л— w%wflJl I J -йь Lv 2_»I oL>^Jl jJOai'JI ^JosLSJ» «loLSLJ 
A_oL5L>s| £OS j-oljjJL> t Jj>-lj Jj jJL^JL; ^Jwo-xJ ^jJl OljjJLw*»Jjl jjJl ^^Jl (3 jJ^jJl 
. oLs jJl*_J I 4j\Jijj c 4_^JaJ_*_<Jl _ oLJ j ^xSJ J/ I j c ^LJJl ^J-P LgJl.d.«.Jaj 

^_-w JaJv*_oJ I 4_o-kl)J ^JL>Jl ^J_aJ| ^J-P <JsLwi o jJaj ^/j-osL ^o IV pJl>J| 
c (Spintronics) ioljjJl oLJj^^SJ^/l oL-jLjIj *y > Jl Ula Ijo» .^-LaJI LjjL 
JLJl L Lj j ^ j_L*J JosLL» o jJLj *j>cJl I J-^ <J_o_SJ j . ^_^Jl ^>L> ^з L^jL^JaJ j 
oj_g_>-'yij ^l j_oJ I jjjJaJo jJ-*jo L« j c (Spinning) ^_> jJjJ L) J-UjuJI jjJJJ/l 
4l_£ Lw*» o ^Ja_o f' ^>cJ I I -Д_А ^ ^ ^ ^ -s > . 4_---l>c_oJ I ^LwvNv- Ja— ж -oJ I 4_o j L_J I l *j I L ^ ^_—o ^ ^ J I 

• t _ ^. .у—. - Ja .-. x_oJ I ^j^JxjJJ <j j_-a> ^З 4jo-L>Jl JjLJ I o J_& oLLaJ ^JwP LjLj 


«l-SJoLSJosj j-^-S ‘LoJa-) I ^.3 L joLJl L LLJ I LL>Li_-Ja_j ^J j V l^j>cJI ^JJLUo 

JosLSL j j jJaj L)l I c L>sLSLs 4_oJgo L lDJL Lg_Jj jLL ^JIj C 4jjjLj 4j J jSL-j s 

jjkJJ oJj -Ь- lilil ^i LSLLSLoJl ^^JJ (Nanomachined) ^ljJLJlj j^SLLl 
LgoLSjsL 4_LLS" o-b^i _ 4ilij 4_oJaj^J ^Lo-LL cLLLj C 4j j jiLJl oLj ^I^J^/l 


. 4_LslSL)l 4_oJaj*)\J 


V L5 3 


jLjs 


<r r 


.J^IjDL 


J L_v_>cJ I 


L L^_Lo_v2 ^y 3 c 4_LLISLoJI ^JJ jjLJIj j jS LoJJ ^losLL» o jJ=L *^>Jl I J -Л j $ jj 
^^JLo->- 1 j_>- j_o-> V e-^>cJl ^-^jOjj .4_LsI_S" о-Ь j£ Lilij 4-oJg-j I ^з L^LLSL £_3jjo 
-Ljw? ^~S" LLL lr" (Hybrid devices) L_->^Jl oj_^_>-bLl 

L^j ^-^>Lb>Jlj o j_^_oJl tviv’ L L-ejLvj VJ ^vw-v_>bJ I o^-^j>- I jj jJaDj ^ ^j>>jjLJ! ^j-oLJLoJ! 

.4_o>-jl_>- b_> L>cb_-voJ 

^j_-»LL_oJL 4_q— q , уа_д j 4j - b>tJLwo3 4_o jo j_3 o^_^_>- 1 j з! j-oJ jjJajJl о-Д— у> j-j ^o 

JJwUL 4—jJJv^Jl ^ ^JjS JjLJl ^joLjLoJl ^C-OwsO C LvA . VI pJ>cJl ^jbs jjLJl 

^—*jo jj jl_^_>cJJ JosLSJl ^L'Jl ^j^v>cJ L)l ^jiLo ^Jl c^LJdL 4_д1_жЗоз ^&l jD 
LoJai'J (Quantum confmement) ^уз j-o-SLl ^>>J! Ц*_>-1^_оо *^>Jl l-Lo . 4i ^ ^aJ 
(Quantum Confmed Inorganic Semiconductor ^ojyip^Lil o*>L^>j_oJl oiLoaJl 
oj_^_>-V! ^j>->co Ls .4_o j-yiJl o_fl_LI j_SJlj ol jjJJl L^oLiwJaoj Systems) 
Lo -^оэ Ijj^ (Self-assembly) ц /lJJl - L)D ^Jj-kJl J^-oaJl LJj^SJ^/l 

c 4 jj+/9,)j ^iJl LLs-cjLo'J I j C (LED) 4_o j-ygJl 4 _oLJI oLsLo-oJl o*LiS" ^Lojl 

. 4_Jg>-*>\J| 4j j*/3, Jl J j_oJ I jl jiX*o!j 
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L ^-o-w) jj < i LU ^_o ^ I wb>cJLw*i Lj 4_j j_v 2_*J I Lwwvwo-JJl L*>\_>J! j>J-fljJ! *.» 

jLw2jaJl j c LjjLJ! iwwwoloVlj c oLoj-JjjjJLS" 4 j jjLj ^Цо Cj*)Lo2 jj 3 ^JLvajU 

0 Jj J_>- Jjoj J j_^JgJ ^е-о_-*| Lojoj-Jl ol j jJlJ! ^-UJl jU c ciLU !j_p . 4j jj JJ l 

jJ jjgj J * -o. yg 7 0 Jo J_>~ U J_L? ^_P.2> J C LwJ JO J_3 oUUaJ 4_P j_Lo~ 4 UJ>l_Le 

.dljSI оЦ^>-1 j (Waveguide) Я>- j>j JJ^ оЦ£>-1 

VII ^u>cJ! ^jlo*cj c4_jLj>-^/!j 4_jLwOwUL1! j Я_и l_> u_wgJ I ^j_L*Jl Lwlg-*o ^ j » 

4_*_>- 1 ^oj *Ц>Л ! J_o .^LloJl L) jj L 4jj—>cJ! LoJgJ 'J I 4 __ai J_L fti ^J_p <lU LJ» 0 jJL 
^cwwvJ ^Jl ^-iJ-fJ Jil ц-р ojL_p ^ j (Biomimetic) l^_w>JI olS”L>^oJl LJiJ'J 
. lU” j-Jl оц^_>-'У!^ (Vesicles) o^)Lv 2 jj->J! <l_Lp'J!j Lw*_wJJ! ^dl l<LJ>j 
oLS” j_>cwoJl L*_>-! j_o 2 _o <Ц_>Л J_ oLLwvU c L)j_w>Jl oLS”L>cwoJl Jwo-P J-^LS” ^j-OwvU oLLJl 

^Цо ^З Lg_>c_wvOj L*_wwl> ^цЛ ^aI j_LaJ I ^-£3 ^_jJ-P jJ" jJ I £_aj C L j_v> Jl LvJj>Jl 

tv_JJgjo ^цЛ c JjjLJ! Lw*oLJ! oj_g_>-V! lUJ l*_>-! ^_oo VII pJj>JI ^_^_0o .LvpLJgw>! 
^j jj j-Lll) uJJUj c ^j_oLJLJ! LjjLJ! Lw*_vJgJl LoJgjVl ^з Lw*jLJ1 Я5” ^>JL U j_*_o 

.lLjJI J LoJgj^l J-V23 j J LJW 2 J LJj>0_w 3 oj4>“l J 

cj! jJg_>ej cJl jJ Aj-bCwo jlSoL Lww*jCvwo lp ^wj ljjLJI lUJI JL>c_o Loo 

C (Jj-vJl ^З CJ j-^J 3 ‘woUJl 1J_A OjjJwUjl lUJI Цл *Ц>- UiJLwAj . <P jL-vJLo 

^jLlJ! lUjj ^_U' JU t LolvX>- ц_л ^s ^Jl ^JvPj .wL>uJl L^_*_Cwwv< wtS”uJl u*°j 
pLo-UJI Ц_л JjJ> ^j_v>- JLUcoj t ^lwb^/l J t Lwo-^'JU ^ j-vo j-o Ц-З! j -Л (_£ joLJl 
.oL^jco ^U^ 23 vL>-! ^з o-Lvto o j^pjj ujjJl c_> L o2 Lo 2X>- 'У I (_^^wJ_*wj 
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‘“<1 J ^tl 


23 

25 

27 

27 

31 

38 

52 

59 

70 

76 

77 

78 


j*— 

* 'j*£ J j Liil apIUs^J! . 1 


tj .j j cjjjj 1л .j . J 4j^jU 1 Uii д li 

4»дЛ-й-л 1 . 1 

4-*J3V!j <L*jLo-oJ! b\ jj>J! i ^JajLoJ! ^/23 CjULSj 2 . 1 

o j-> jil I ^Lp 4-jw^oJ 1 jj LjJ I Li I jL_U I dj LjJL> 3 . 1 

Я2 j j&y 1 <L*3>J! Lil jp jiJ 4 . 1 

S^loU jjV! Lil ^ p jLJ 5 . 1 

^jjjU! cij L i ! ^ р jUJ ! j j-^J^ 6 . 1 

У^г 1 - 1 

aU*<*i! 

£j>-! jU! 


81 c jLg-i^ ^ j j <Jf!*JJ! |»i« JftU ! j jlJJl : jUl J-*i)l 

jlUjj cJ-Jij .«-j JjU 

81 ^!JJ! ^^xil! L!jjj 1 . 2 

83 ^jjj>eJ! kU jxJ!j oUj^>J! y+j o^UliJl 2 . 2 

86 SiJaJl ^ylJJ! £^>U! 3 . 2 

103 <o^L^J! ?-Ь j^SJL ^yljJ! £~o->Ul 4 . 2 

116 \j\^jy\ o ! yJb jJ! JiS’ ^ ^yUJ! *-JaUl 5 . 2 
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128 у>-у>6 .2 

128 

129 ^ljJl 

135 j_Lo _ J U.I уь[£ '. cLJliJl J-ii^all 

135 1 . 3 

138 ^_jL»J| ^o^Jl 4__ol_j^|| e-^^LJl 2 . 3 

149 (STM) ^Ul ijLJJ' ^J'- 3 • 3 

161 y J>-\ ^_jL j~>ua 4 . 3 

169 (NSOM) i_u ў}\ JL«JJ JjJi Jl ^_J! 5 . 3 

174 yrj»6.3 

174 JLL_4 

175 ^r'^Jl 

177 ijlLll jJlj iljll .II 

179 j’ ^^jLJI ^.LJlll <j^j^Jl Д^.4дл ; ^l jJl J.i43gll 

179 Jajl jxJl 1 . 4 

183 Loo^V' 2 . 4 

184 L^jJjjjkl! 3 . 4 

188 yc]\ 4 . 4 

188 oLjilkJl 5 . 4 

191 oLS>Jl6.4 

195 £ўЛ oliL 7 . 4 

196 ^kJjJl 8.4 

197 (G^O)u jiii! 9 . 4 

199 obrbu^l 10.4 

199 JlL_4 

200 ^r'^Jl 
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203 s j jjj^ .j* (_gjU oUjJjaJl • ( j~°l^'l Jb^aail 

203 TNT J ol J Jl J\ С б0 jA : oL J jJl o%*U 1 . 5 

217 U*UJI2.5 

221 LiU-Jl oliJaJl 3 . 5 

224 dJUaJl ja _bjU 4 . 5 

225 

226 

227 ■ jJj^ oL aj^jjUI s - o U I : iUJl J д 11 

l Sjj^ tS\ 

228 ^jjUI 1 . 6 

229 Oj^aJl (j ji j O j>Jl oJl 2 . 6 

234 <Lo jJl jl_L>Jl JiU-l JjjUI i — U^U J уь jj>J I ^j2jUa>Jl 3 . 6 

251 JjjUI Ojj^SJI ^-oLjl с-И jw» i. — л -w ^ jjj < -~S у 4 . 6 

273 JjJucdl 5 . 6 

283 AjjjUJI iw^oUVl oUvJaj 6 . 6 

296 oU-loo^/17.6 

296 ikJ 

297 ^rl^Jl 

301 t uLL j _ ja . ^ Ijj jJ c Oj-wvO^ ,c _ j .1 ... j^^Jl JalibJI ; ^L-Ji 

jlio jJ .(J J C £^JvLv« J-vL.} 

301 <LaJjio 1 . 7 

301 ^lSLJl oLUJl 2 . 7 

303 ^I^jVI 4-o*^\j Lo j-o^Jl SsJcS I _ j^SvJl j>c>%Jl 3 . 7 

306 S ^^LpUj 4 . 7 

308 ^jj j-Jl ^jjjbJl o>lj jJJl j^>-> 3 . 7 

313 JuJl joJI6.7 

316 ^JjjVl ^jjJl а!?.ул|| JJ 4-vO J-O^Jl J^UJl ^Jvv^O 7 . 7 
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321 4-sL2>I 8 . 7 

322 

322 ^U^Jl 

323 Ijl jjslS” O ^jjj AjjjUI oLS* jil ! j-aliJl J-Aiil 

323 ЯлЛлл 1 . 8 

326 4^I«jj;UIoLSjJI2.8 

332 LjJJl iJ^bSfl j JajJJl oL5 ^3.8 

334 <uS y . Jl LjjLJI oU™j>JI 4 . 8 

339 L^LUL 5 . 8 

339 ^rljJl 

343 «uij ji-l CjLIj ў £} ^flj ^jJUI jnLiil .III 

oL-Uil Ji ajj I ^JJ&ll ! ^%a»LJ! ^*/ав) 1 

345 (jli ol>- 4 j^jLJI Си1*А>1Л11 cjIj jl^J\ J ^! jS*S\ 

345 J-ia 1 . 9 

347 ajj ^5w>Jl cjLJj ajIajj olj jOJjI ў J\ LjUjjL o jSzj 2 . 9 

352 o'iLjj jjJI i г L-a_jJ у~~~\ 3 . 9 

362 MOS ;ў~~у' jJl J лр. j Lu 4 . 9 

373 j jOJjIjJI ^LjI 5 . 9 

376 o jUwaJl jLuVl J-^La» 6 . 9 

: LjJJl MOSFET Л oljjojlljj- 7 . 9 

380 <ujLl!l CMOS olj jOjJjI jj LLj j> 

395 jj^l CMOSJl Jl*j L 8.9 

400 L^-yLL 9 . 9 

402 Jbl™j 

405 б) J>JuJl 

406 (i— j) jj>L<Jl 

406 ^>-1 j^Jl 
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4Jj>jLl oLj j ■ jUbJl J./aa)l 


409 JV ў j JoLL. .... 

I jjLL-^-_Lj 


410 <uoj>Jl ^jLi j c-bj jpl jL j ol jjI 1 . 10 

417 UojJl oLjLJ 2 . 10 

428 jLdl jp Lo-Ul J— pLLoJIj o>oJl Jo oLJT 3 . 10 

433 iLLSLJl oLJl jOl 4 . 10 

435 oL-LojI 5 . 10 

435 LiLSI LJLLj б . Ю 

436 JlL™j 

437 ^JJl 

439 jJ ^j—jI jt- L>- Si jidl oL j ,j^sa>l oU j ji5LJl : j~L^ ^iU-l J../iaJl 

439 Ui: _yLjl o j j£?f \ ;jo 1.11 

454 <uLo jJl jpL -, jSojJl o j j^^J*)/l j jOojjl jj 2 . 1 1 

461 ^ jioJl ■ a l j j ■ • *t j ) I ^j — L— J— j 3.11 

462 з jjLoJl o j jxSJVl olj jOjJjI ji ola..Li 4.11 

467 io-5UJl5.il 

467 JiLo 

468 (I) j>JuJl 

470 (o)j>JuJl 

473 (^)j>JuJl 

476 ^rljJl 

481 L^JaUil oLjMl J 5jj 1LJ! ilUJl .IV 

aL o jja uL LjjL jOp jLll Joiail 
483 ^j-^Ls ^J-oLSLj 4o j^^il 4 mi j^JJ 

483 <Luj ^_ o_S\Jl ^>tU 4 j^jU 1 . 12 

484 *Lu3 ^o^Jl <L_wo ^Ul lfc -- ; Uj3jj| 2.12 
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485 ^jUJl ^jl jd\ j UljJl 3 . 12 

487 ^o-SCJl i^-^ol у>^\ oLJiaia 4 . 12 

489 C-o j-^Jl ^jjdJl JLoXCaiI 5 . 12 

491 j*c>S aJsjjj ^з c->Lj^ ^x^Jj cjLoj^-Uj а^-л ^. o-SLJl 4-^0 ^>sJl 6 . 12 

493 o ^^4 -sa< ^^з ^ ^ ol jju <Lo3 j^S 4m^j j>- 7 . 12 

496 U'iUJl 8 . 12 

496 J5Lo» 

497 U^Jl 

499 jj joU aJjI L.... }э*.«д L > Li i ol j-^Ul j lI jil ! j-up LJliil J .,4j g 11 

499 4о>Лдл 1 . 13 

500 4 U’.Ljl Ял ' jUJl j*p\U£- 2 . 13 

517 4.....L'.*J| 0 jSlJJl J 00-1 yi}\ ^y jjj 3 • 13 

537 UUU 4. 13 

537 JJL-o 

539 UjJl 

541 t jj-JlS ■ ^ Л - > jy : T ^...^1э.«11 jji-l j^ff\js- '. jJs- ^l jJl J.,4jgll 

j jmJjl^- llbj ji .1 COjjjj j 

541 ^-.Ig'-Ljl ojj>Jl Jl JU--U 1 . 14 

545 ollUl j у>- l^j'LUaj' j 4.....1a - .«Ul мЛ 2 . 14 

551 ^-o>*L>Ul j ^Ul oLUj 3 . 14 

562 14. 14 

562 JiU» 

563 U Jl 


565 <uLal5cJl L 4 L >jM\ Aj^jUI SjL2lll . V 

567 jLL J5 >jL LLlScJl oL jiadl Jl J>-Ju l j~Zs ^j—oli-l J../aaJl 

567 4»Ji» I . 15 
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570 MST Jl j MEMS Jl oUU; Я*>-1 y> 2.15 

577 JLJ\ I * - - -.^~ll ^j JLJ\ J~*oJl <iLalSU 3 . 15 

583 jioJ ; o' Jo.' 4. 15 

586 JjL-o 

586 л^-1 jjJl 

589 ь ^jjlA jLo-- aj^jLJI oSwl Zyyj ij^JnJI 4 *> \s ^ I , ^j» 4 U J I J д 11 

jbb jjU- _)L2v jJs t Jj^ 

589 NEMS Jl y*j MEMSJl y> 1 . 16 

591 NEMS Jl lJwj yj ^y^Ja-Jl jULoil 2 . 16 

592 NEMS Jl UJoLp 3 . 16 

608 NEMS Jl J SjIjJI oUwJl 4 . 16 

616 Oj^l S^Vl ^NEMS Jl J»UJ"5. 16 

:«JLp!_^UJI»NEMS6. 16 

619 ^jjj^SJI cS j^LJl ' J j^jVI LLjISLj jjIJ 

621 L~J 

621 ^r'^J' 

625 ь jSL ~ j U . >- . i__j 4~SJj . jn~j ^ jsJ. ’ L ~ . > -J. I . ^jLJl J ■ ,г~э й ll 

JLo J t H j ў')! .о.о 

625 I . 17 

627 USLUUJl ^SLJl 2 . 17 

635 4_>-l >о-М1 SH yJlj wJ' 3 . 17 

641 4~SsjISs_4 j jSLJ\ oLj>wJI 4-bl 4 . 17 

646 ^JiLJl l - j Uv4>«j 3 oljLvJaj 5 . 17 

652 6.17 

653 Lol 

654 £->-' jJ\ 
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659 ^Ull AjJU! SJj s^yi CjIj+aJI .VI 

aJ j j^J^I 4jj*aJ\ iUaj'^l : jJifi J^Ul J../iaJl 

661 jjlili o^s-jL^o UjU o j jj .| .^> bLl 

661 ЛлХал 1 . 18 

664 aJ^-Juj Аи-л ^o^Jl J^LiJl ^-»>Li A-s^j-U-A 2 . 18 

668 IJb 4дл>ьЛ А-о» j-<*S JgLdjJ Aj ^yg-Jl ^J2 J Lj2J>sJ I 3 . 18 

675 A^js ^-xjbsJl J^LdUl AsUaJl ^ ^lv*vO A-vOvU-& 4 . 18 

681 O ^JlUo A-o j-oU* aJ gjl} <изЬ1а-о 5 . 18 

683 A-v*j j-obL!l aL^JI ly^s>-\ 6 . 18 

706 A-v4 j-oU* AjgJLJ ajjjLJI ^u_U j-<UI a^ovUv^ 7 . 18 

707 ^^Jlo 8. 18 

708 aLlJ 

710 ^I^JI 

oLJ j 4j^jLJI ^iJI * j*Zs- ^-*»LJl Jb^oJl 

719 j-SjLJb .j 4jj)a/2* )l Ajja/2 Jl 

719 A-o-iio 1 . 19 

721 aj ^-o«J jJlj aj j-yg^Jl o- j-ygJJ aIpLJI o>b^j.-Ul 2 . 19 

727 A-o j-s^ail j-JJl ol j^-J jJl 3 . 19 

735 Lob A*-oJ>s-o A^Ja?» J^P Ajj-sAp Aj j-o 2j U J-O 4 . 19 

743 ^ya^Jos 5 . 19 

744 ikJ 

745 ^I^JI 

749 <• Lwvb l)Ljj <Lo jj ja)I ol jjJLll ! <jj j-*L*JI ^ЦддЛ 

jJ jj j c IjLoIS* (^jjjLS" 

749 A-o JJLo 1 . 20 

751 oj jJa>«-<Ul oliUaJlj аЬ jj jjiJl oliUaUl 2 . 20 
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754 


759 

772 

775 

777 

778 


(.£„2 j£~Jl A-o jj jiJl 0>lj jLJl 3 . 20 

^jlJJl ^vO^fbJl a12_vai| jj O jj ji CjI j j-L 4 . 20 

c— Ll jLJ SLlill ^r-^l j>Ul doL a-o jj jiJl djl j jLJl 5 . 20 

^j/2J>c_Lo 6 . 20 

aJjLai! 

2*>-1 J^jl 


785 JLyJ-l S^Ul £UJI . VII 

787 jOo •! ajj^LI ^lJl ^51^- * OJ j-L*Jlj 4>-l j)l ^Цдл)! 

787 aSjLlJI o! J jLIj c ajjL>J| oLL>o^/ 1 j c o-LJl ! LowiLa 1 . 21 


790 

794 

797 

801 

803 

803 

805 

807 

808 
809 


o*Jj2j jj > z]\j iojjdl ot>L-LJ! 2 . 21 

aJuS* a5 jO o! ^o-J jj li^kl 

AP j—oJlj A^UaJl ^*-ip ^ ^->%>sJl ^ CwwUwLoJl 3 . 21 

^yU (J jl>c-o a 5 jXLuJl o! ^o-J jJl jj» oUjj^JjJl 4 . 21 

. . . LJLpVIj jlwbwJl aJL>- j! jOsu'yij o*Lwvj>%Jl u-LJ jj 5 . 21 

apL.,^>I1 ^ o*>Lu2jj>J1 6.21 

. . . . ^5-1 Ls j4>x-o ^il ji j LiLi| а]з1о aj ^o-J jj ^J-vpLLj 7 . 21 

Aj ju>J I u-2jUi jJlj ^^oJ I ^o A-U-Jl ^jJaJl 8 . 21 

j^-j-o 9 . 21 

aLvai! 

£j>“l jJl 


813 o-Lwo-L u-j j5L>- aj jJ-l A-Jj jjL| 10 I 5 ^^11 ! <jj j -L»*Jlj (jliil ^ЦдлЗ! 

jlpLo-vO j-o jJj 15 j 

813 a-owLo 1 . 22 

MEMS ajj j5LJ| aJLISLo j ^5J| a-JlS/I J j^ 2 . 22 
815 Ajj-v>cJl AOj>Jl ol5 j>c-oJl J 

818 IpLL jj a5 j>c-oJl ob-Jj jJl ^J-o-p 3 . 22 
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826 jUI ^LS* ^>c*o-U oUIaJI 4 . 22 

831 4^Jo^>cJ! dJ IS* ^>s_oJl 4^oJUAj ^ jlp 5 . 22 

842 LJUbJ! oUa^Jaxll ^з <uJjj>sJl olS* ^>c-oJl a>-Ij| 6 . 22 

846 ^^17.22 

847 LiLo^j ol?-l ji 

848 ikJ 

848 ^I^JI 

853 J)La 0 <lojjUI 4-sajUJ ! Ljj lLJUI ^*/зо\\ 

853 1 . 23 

856 j, jja jjbJlj (jj jSL<J\ ^LLjl ^j! j-JI 2 . 23 

868 <u*jLj! <u jjlj j J.L-JI LjjlJ x-_Jjaj 3 . 23 

873 JL^UI oLxJLJl oUjJaj-4.23 

880 y>- ул 5 . 23 

881 JJuJ 

882 

887 jJbJl _ j)j&) oUbUxyall C~J 

931 (jtj* - oUJJayall C~J 

975 o-r-fr» 
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^ ,jt 12й 


djL^JLjl CiLx JUttjJt l ^ 1*1 diuJLu, 

с5^Ьм1) 4JUI Jllc diUJl SjjLl* 


<JoU «UlAj О^УЦс-л Lft>jLiol iSj^ LLU-Ul oJ_gJ ^wXii L)i ^ Jaj 

j_o_lL) Lv-vjL -Л L5" jJ>k^o Lj j*_Ul 4__9 C-*->c-v_v/3i ^_yg_P ^j jUl J£jLUJ L>jJji 

cLLUUI Oj J-> 3 (j-° L)jL*_UU UU-v_UUl 0 J_& j_jjj ^jUj c^^jJLUIj ^ j L ygjjs L/ 1 
^j-p 4 -Uj jUU ^ ^ALj L L^>- jU Uj jUl <u_LjU' j 4_jjUlj ^ ji_UJ ^jjUl j_^p 
! lf~* j l л jJU! j Lo jUl 4 UJL ^Jl oU jUlj oUjUUI ^ja 


_a 1428 ^L ^Jl jJL*_lUI ^j^-UI 4_o_Ul ^-o-Jj-U ^^LuUl oLUl !*>/jl 
o_>Ul <lU о jUU L)ij l Uj jUl aUJL ^Ujla^I ojj j-v^ ~Ujj (^JJl (»2007 

Uj jUl 4_UJl j j-ygj>- uj^-j) ! (^Aj U ^A_p ^jjg-j 2— v>- o*>UU_Jl j ^UUl 

.(U j^j u-o lj t (»t>Lp^/ lj c tJLjaj 4 -/ 1 JjU j 2AU Uj c ^j^LUI 


^Jl Lo j_*_ Ul Uj ^U l aSLUUI ^4-jUJlj (> jA_UJ 4_U? jJl 4_^UU|)) ! UjL 
C jUJlj (J j ^JjJlj C oUUl . 4_v>t_ol j!U*U 4_jUj 0 jJjS' ^wL>J ^UupI L^JvP jjJJol 

4_jJijj c4jj_oUl 4 _jUJ|j c (joLJl) j_*_vUl <u& UjUI oUUJl j c oLLU j ^U l j 
c 1)1 jUUlj f-U/ 2 _Ul j c oLj j_uJIj Uj 2 _j 'L/ 1 j oLj j jJlUI^/ I j c oU j_U_UI 

.aoUIj c U J-UoJ I U jUlj c liUUl j 


e-L>- U UsjI (jU^ ^jUI (_5 ^ jU! U j^^-UJ UJl -l^p ULLJl oj^U) ! UIj 

Л J_j| ^^Jj U J_U> (JU^>- C Со 4 _o j_Ul 4_U_]| j j— у/Д— >- '-/jl -LoUl 

j_>^_U I wL^p uLUJl 4jj _L) UwLUj ^Ul ^ojLUUI -^-LP JJ^" (_5^ j-Ul ^j_L>c_Ul 


o-U (j^j .L^_>- jL> j ^5lU_Ul ^JJ>-U 4 _Ul>cj 3 ol^_>- 1 )jUUL 4_jJUIj ^ j_LUJ 

^jo U £_j j LuJ I 
yj^/ 1 UUo ^Ap 


4Jj>-Io|j C J^jj (JULj!> (_ 5 ^^ |ULUl j-Ul j-L>c_U I 4j_o_3 jjUjl U ^.^jUlUI 


, 4_vUUl 4 _v>L>cjj c UL^Jl (v__jlUI U_>- jJj (jJ-^jj U L^Lsj 
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4_*_Ul s ^>-^1 oUJJl <Lbj >- ^UU ^oU_*Jl s Л jj ^ I ^^Jp JpLwj Lo -л 

.vL-Lj £_з11 ^J-xj ^ ^Ul ISj^ -Ljjj c_3.L£j Lj j^J I 

<и*> L-U I )) I^OvL>- ^Ul oLj-iJl jA JS" ^з is__sx5" L; ^Jp LL_vJ_»»vJ I 

LwoJLp L*_>- jj j cJjVl i)jSL k-__ji5LJl о j*sj>-\j . ft4_vLLJlj ^ ^J_*JJ 4_jJa j]\ 

Lg _>- ул LjLp LLS" clJLJIj c L*_al>- LLjS" L)l Lj5Lj <. alJL) I LiJj ^з Uj j_*_a 

t 4_ wip - j . j S I jl J^-lj c__>L_S" LLL ^Ja_*_> J_3j c -oJ^-oJl UjLp ^Jl 

j jJ>Ljj U*>L ^lp ^_о_>с_л L> ^Jp UsvXJjjoJlj 4_s>c_Jl 1 oLjvJUl «v__jlS LLJ-v»i 
4_JvJjJIj 4-_o_LUI с_) L>eJJa_v2_UJ ^ jj£j* ^sLuU c_->LS” .yg, >- LovS” c Loj>- jj>s LLS" 

. ^JkyaJJ |*>c_*_o5" Ul_JuJ| oJ_& ^З o_JoJa_oJI 

c_>Lg_al jj» ^LSJI j^5L jl l_^_Ls c ^__j L*_>3 (j^j c— - jlSLJI ^LLjI Sj^~ lUj 

^lp _L*_i j_LvJ _i_3 <ul J C LoJLp ^J -L^-JJj jj_uU j_oJj c 4 _jJL)I cLLL ^з c__jLD I 
J jJL jlj c oJj_L>c_^ <Ls lU^LLj C_wv>o I (j-v-v^ <l)j^> ^/ l)Ij c 2000 

jjp Lv >- ^ls cjwwvwJj c > LlSU I l^_> c eJl ^xJl l*_L)L L jj5L L^jp ^->-^l ^Ul 4>c__wUl 

^-9 C_wstfJ L_g_wJgJ LLo-P 4_>c_£jJ > \jL^J I ^j_v/2 JJJ jj-^J (1)1 I j-v>-lj C ^>-1 

U*>L>“ jy-e L jLsjls 'Л I 4_wo_lJI 4_Л_о_р ^з ^_aLwjj c jLSL'SI j 4_jLl)I JL 

.^jA J l j^_oJl jX>c_oJ| 0-)Lj 

Яр ^_o>c_oJI oJ_& jjvLygj o_L_*_vj 4 _J_L)Ij ^ j_L*_U jjj_*Jl _LvP cilLoJl LjvLj 1)1 
L^JJu ^xJl ^j_^>cJl ^Jp Lo>- jjJJ Ljj_*Jl LoJajwoJl j5Ll.I L)l -^jIj cu-jlSUI j_a 
j^ww>- ^ipj c^lj>-^/lj jjj>uJlj L*_>lj_oJlj Lo>- jUl LiLUl o^j>Jl ^j-L^cU 


4jv>C_Ul J_^_wvl| LovS" C jL>C_))/ I 4_р J-VA» ^JvPj 


■u^ 




L^jLLL 


cLUJlS” j c 4_oJgJwoJl ^з LajL>c_jI ^Jp c_il J^)/I L^_i Ja_oi (_jUl Lp j_o->c_oJJ 4_wo_L*JI 
o j jL>3 vLvJjJ (1) j_*_) L) jj_> vJJ I 4 _jJL)Ij a j_L*_U j_) j_*J I vLp lLLoJI Ll-Ls ^з 

. I 4 JJI j^p vLLU>J1 


-<» 1431 /3 /20 ^LJI 

«uUdlj j» jJjJJ jjJl J_p wJU! ijJU ^j-voj 
J) ^ __J| ,wvftll^j! 
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(j jitii! q «I лк л \\ j As>\ 

Nanoscale Fabrication 
and Characterization 
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J jVI 


Aj JUJ! Ud! ajjJJ! 

N anoli thogr aphy 

' -J -J 

Uliaijja t Jj2jj_j]jLi tU jja MjLala t jjjjjaSllj AjjUj^U) 4 ■ a li^. " ^uiS 

(И) J> -J 

. ULajji tJjSjj ji jUj .Unajji Axala. tA ■ ajj^ II j j| jaII Jp ^uiS 


Introduction 4-4jl« 1.1 

^Э LajJ Я *.*o51 V‘|jq \V Я_1Э1 jC. jjj]]Li JaAAlil! CIjLujIjB 4jx jiL<Jl J jibt]l cJ^Lk i" JJ*> 
j'^Vi (J.il >»" n^. cA_ij jjj^Ijj^uJI Яс-1 u^i'l ^ <j-£ aLk j tL^. j-^ia LijlaJ 1 £j^a "IajIxj! 

Я^]1ха ajLc. gi JiU ^jl ^l (2.9 j^l) (Moore’s law) "jj* jjili" 

Ajjjljll ijlSdll aU£1\ AjjI^aL/I jjq Vi jli ^a .A_ij jjjiiVI ciiLiLiJI jjj^lij oj^iil 
(jjj-xill JaliLudV! jjla о-° ^-^JLxaIIj JxiAiii! CjLilij £_ujj! (JL>a jjlaj ^ . J^'L 1 
jjaIj] uJ]jj 4 Ajj j jjJ]j jjfLi-<Jl Д-С.1 u.>oll ^^Э LJU. Д-а, W'u^aII Aj^joiiiii! (_3 j 3 AxijU 

cJ1£jjVI (j-°j ij-U! (j-a (JI>-q 1 £-u:jl jji^i'\ij 4(J5! 4hV\\ c^^^-Ic.! (Resolution) Я^Ь 1 х «1 

jJajuJI ^.Ic. ^JUj]! ^uJa j J-jjl^Al J! j^ 'n (jU! Ьэ! jo jjJII j! jiajuJ] 'Лл^Лц1) 


I 1 L. R. Hariott, Department of Electrical and Computer Engineering, University of 
Virginia, Charlottesville, VA. 

II R. Hul, Department of Materials Science and Engineering, University of 
Virginia, Charlottesville, VA. 
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4_fijuujj ca jjlj <jl£j CIsLjI CljVLi -л ^Э Ajj£_j-«a ^jj£jjuj 4(j-a3LjS! AjI jJa ^jujjLLaj 

.AjjjaJI A-uIall Cjlajjiaj]l ^jj Ajjjljll LjjLjuJ! A jjIViI Jj ^ Cjljjj jj£]j j jSj аЯ (j-Q S±aj 

• Ajjjljll AjISjII fijj^] (jj^ill ^jax-I! jj^'uti Ajjjljll Liiljc. jJj!]I (jli 4 JLSLj 
.^q'nUll J <L.La] 1 4jjj\j]l Ual jC. jJjUI 4ilij ^lc. (JjjJall j-o <]j jlaJxuJ j 1 ла 
J jj (Resist) Ял^1дл л1 ja ju aJj*J lc jJjj jisVi aLJJI 
4 jjaj*j 1 ^£д jj-Gjja .(cj|j jj| jl Cjljjjjilj) Energetic AjjsUa ciil лииу jl ciAjjjji] 

jjjJaj (Jja AjjLiaj£^ A- jjJJJ Cj|jj*j] ^LuujU <jJaj*ji]l AjuLa-UI ojLUI C1 jL.Luia £u-aaj 

cjULuuUb ^jjlio (Developing solution) jj^kill J jL* Aj jlilo jbji s jSs 

jbjj]l aJjIS j-o j jutaj j! jjaijj jl Ajjjjj]! CjI Jji'A' а-Ц j^AJj .<jJajJLAS! JJC> 

— JaJjS! ^JajujljJ tLoj tiSSjj ^(^-I^ja j! Д -jSLuj AjtjLttA jljA^ ^^JIjjS! ^Jc. L^ill jLuij) 

6 jLJ] ajjj-L jJ! JLLUl (Scission) <j-aS jjjia jc. J (Cross-linking) yLLaill 

.Ал jLaaSI 

j! (Serial) ajJLHa Jji э j! l_jj]LujL (Resist) 4 -xiLAll ijLU! jjajj*j ц 
SjLU! jiajjaj ^xjj ijjujlj-a]! Aj\j£]l j! 4^]Li1a]! l_jjLujV! .(Parallel) Ajjljj-o 

L-JjLuj 4 ^! (J^L La! .Ajj Jj! jl Ajjjjj£]j ^aja. ^Uajuj! jJ (j! c^JaSi ^xj 4_Sa£i AjljLa]! 
Jali-ujVL Ll 4 ^_xjLaa]I jjLJ! ^Uauui ^j <J-ujLa (IVIask) ^La iauj Sjju-a jjjja 4(J j! jLaS! 

(Contact alignment) jU! LlikLJL LJj ju-^j ^LLj jjc (Projection) 
mjLujV! ^ .ajuLlLI jiLJ! ^tluuj ^Lill (Proximity alignment) ^jtibJI j! 

.-UaaLuiSI j S j£jJl ^LuiV! Loja. jkaj I a LiljcjjjlS ^ i-aaLH .laJl jjL 4 ^ЦУГиИ 
^3j «LSj! L.w a ]>LqIc. -UaaLuJ! LuujU ^_^,ja ]1 jjSa]! jj5L 4(jj!jj-aS! l_jjLuiV! (^j 

aJIc £L !i (Monochromatic) jjlS! (jjL .1 Ijjlu^a jaV! cjlkj 4 jjilUJ! lil£ 
.((j j! jl<J! l_j jLuiL/l Д -SL ^^э) ^LiSlj ajljLaaSI ijlij ^э jLJl LSJ^j ^^LbLj 
(Energetic ions) AjjSLSa CjL jj! jj L э! jc. jSjII! J*i .isjL L>>jl jLs 

V j lc.LS 0 jjuiLaS! 4jL£]I <jlij ^ JL'Vi V — ^JajuJ] jjjujLASI (Sputtering) LuijjujjS! jjc. 
JJC. ^l > jjj]]l Ц)аУ'Л ijj'qVi Ljajl (j^-aJ »5.1 jjiiS! Aiju-a jJ -nun L£ 4 < 3 tjLiA jjL 

4 jjJa a j^j-o ^ ja. (JdijSI JJC. (J jLa-J! jjJaS! c> ja (Deposition) j5 

.Ajj jj! j A-ijjjj^l! j 

— jAu-auJI ^xjjjL j»jji> (3 jLj (_5^-3 (jjL21 AjjjLJ! Li! jc.jjj 1S1 cjLlij L! 

^UI Д-кхи ! jj (Nanoimprinting) AjjiL jLij cjLLc juuJaJJj .<3uLaSI jjLS! — ^LiSI 
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Л j* ajuI^c, гЛл Jc. (Master) i=-»j (Topographical) (jjjjL -У J/KjJ 
Aijlj ajjU. 1 CilLL J»i jj (Micro-contact printing) ajjjSjJ Яс.Ь1а11 /2 j 
jjIj (_/о <j*jLo jjjL-ju jl>Ualjj t (Elastomer) Lj t_jlli л-ааЛ11 

Д1' Ul jt У) (SPM) (Scanning Probe Microscope) тУ-* 

^JJjLoll (JJ“4 a'I цЛ j с>° Ajjliiijl &_Lu£Lj t(Dip-Pen Lithographie) jl (jJaL*]! 
.6.1 fij^ll Sjjlull САШ (JA IAjJC-j Ajliill &Л& LS^” ^ LLn L_ijjal .(SPM) 

Lq (jauJaJJ LiljC. jilllL 4 Ljl ja]I 4_1ujLoiVI Ja-al-jx]| 

CjI iVqj'l j .LuL JjLk 1 g'Wllx-Q j^Aj ^l ^LLij]! :(Throughput) 4-^UjVI 

. aLI'VLII diLijij]l (j-o jj£I 4_i^.Lij! ьАс. 4jjIj1a]| 

jl •^f^j jIjIa jiaj*j (J!>Ia. I g Lj^Vi ^xij ^jii! l. '<ал^ II Д_^.1_и1л :(Field) JWaII 

J-L-^a]! ^J! Aj-uli]L L Og II ^Jajoi] 4 jSj'iISjaII ClA£ J^liil (jjj Ji*Q*4J La£ 4 (JLIq Lxii 

^jUill c_fllikx^l aAiL -.(Alignment/Registration) Jj^uu/Lilikual 
^.л JU_a L_fllilaa-al Ц 4 jkV! (j^a* Jl \ <jjuij]L ^.Ij L<qi jauJa (Features) 

. CllL jJjuia]! j^J j! claay] jj*_A (Level) (JjJjuia j<Qt^> J1 \.a 

s^i cjli jj£j j! JJ jjL-aJ! cSjIc. :(Source Technology) ДЛИЯ 
j^^a! aJIc ajLIuiV) (Monochromacity) jjJ cjlij 6 (5_i^LjbU) ЦЬ 

4 jItn Яс.^У! jj^j j! AiLuJa]) aJIc. (Stability) Ajjljiiuilj t( LL xia L<qi j! j£jA 
^^_^.ja J jia Cllli jj£j j! (_^J CllLjJ ji]l jjL -лл ^l'Wi 4ti]]i£ .((jjaj*j]l j^j JjLk 

.^gicli ^g-L.! AjliluiVI l^J] c' A IL'Lll ^ l_j jULi (jaaiLiil! Ц j 

j^o ^La cj'Ln 4^1 jc. jjjM -LaliuiV! ^ :(Mask Technology) £Uil! 5Л& 
(JLLIa]! ^J <*LuL/l (jjaj J^Li'n Jijj jl Igj'c. <*_ji! . .iija L<ai J£ juAi' 

(jLLaI! J AiLWI (j^al i^Via! jj .Ui]i 4_ijLk I. J» \ L^Sj^j j! ' g 1-о*1жп (jlj 66 j2kj-J! 

CiU.Lk jcl j c(Stress) Ь1$Ц Ujii jl 4 1 пЧ un i u*n jl j^Aj ^Lii! jx» <Ai*_A]l 

. C-Jj'La'I La j'l 

(Sensitivity) Я^Ьи^! aJIc jj£j jl ЦЬ :(Resist Materials) AjuUU! jIjjUI 

jjLj tiiii^j б(Я_1]1с A_i^.LjJ (Цс* 4jiaj*li]! JjLk ^Lih Яс -j^. j-o Ja-a^J jl cj!) 

a_iUj JjUa jjj j-o jia j*i]l diLcjjk jjj La JLiij! 6(j!) Jlc. (Contrast) 


29 



djllx-a jx (j* 4 ( j] < V'n < all laxnl] 4_i]tc. Ajl VuaiI jxoLi] 4 <Lv.j^. (SupCI*) 4_l3j3 J^ (Sub) 

.(_£ jk! 

(j-o dl! jdiC- <*_da_3 4_l]l_*JI dlli ^! jC. jjjlll JatLjj^l A < q)V i iI L :(Cost) 4*Ш 

ja L-Jjlia-o (_£ jLluq lJ^] ^-LiS dUjJ ^xil jl 1 •ч 1 cdilj ^Jj LitjJaVtj . dlljVjd]! jJ-CyLo 
jo djl jLlLd оЛС- A_li j jj£JI j j^ j л \l Jx.1 'u«all djUa^-Q c. '<lK‘i LaIij .4_ijt^_i]! Aj1a*JI 

L_flj^ai]l ^! jv. ^jl! j iA qK'Jl ^LaaJ j-o l^. jv. L <iK'i LiiljX jLi]]l jli cdjljVjUI 

djLiA^ ^-LiiV <aj^Lq Jdaal ^gA Aj^L-ajiL/l j J-ialjc. jiLl]l dj^Li^jdill . jLpjl ^ j 

.6 jjiu-a djLiA^ ^Liij ^jiajC. Sjjj£ 


^_уД А-ишДл]| ^lijV! J .4Jjl 4 j 2| jC- jul ljUHj ju AJjtLe 1.1 JjA^JI 

^jjjjflUI j/ JLuJU !-lJ AJajj ja j AjjjjLj 


(jiii 

(|j3U 

4jLuiVI 
4jvj*ii].ni 
4i jkLU! 
EUV 

dja. 

AojjjI 

5 йСи 

d> 

“UJjjjSII 

(ilL-j) 

4u»JA 
AojjjoSJ! 
LjUS) 
(S jdLu 

Ajjacj 

AJlioi! 

10 

30 

30 

50 

20 

100 

(nm) 4jUujl 

100 

10 

10 

20 

10 

30 

l al о U j jj^I 

'н 

10 12 

ю 11 

5_ 

i 

o 

to 

Ю 10 

10 4 

ю 10 

A_ia.tjjj 

^ jLd\^ j jaj) 

10 5 

5xl0 7 ? 

10 6 

10 7 

10 6 

10 7 

dl! jjV! AiHj 
£ ($) 


jJuodl JajJs L-fll яЗ-> х ^-~il ^!) 

.LjtiLajVI Ljlflj ^ ^jbuii 4_U3jaj Lalijl 1 Un/il Ua .dlUlij aJxl ^j^Aill Ij^, Uajjjx (ч- 1 ) 
ji]! AjtiaVU ^лУпйУ! с. Ull^j di]j jAJajj V .djjajj Ijj i<jiLi]! Ajlaj]! djlj jljbti <jjjjflj]| a qKjll 

.^-lL-aj]l ^ A_JC.Ua ji 2 >.j 4 „ag.<a J j£j jl tl£-^ 


djLiA^] Jil ^Lii! £_A Ijujj <ajI ja j!i£l ^JIjill ^lc. A_ial jc. jLfl]l djUlSUI 

djU.LoiAl AjjL^aja! duujl lg iS' J c(4jW; s" 1 йЛс. jl ^LS <jl_ij-a jl dJji 4<j!) <iila 

.^LiiVI ^ jij£ v jl cAJtc 4 _iv.LiiV 4 jj£I 
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diljYqMl ^lj <nuii]L o^Lc .1 Sjj! j3! dilaj-all ja AjA*JI 1 . 1 (Jj^JI (jjlij 

.<L3 jV I Ajjjljll J_jal_jo jlilll 

^jL-a L 'fl U-o jJ 2.1 Sjifl]! ^aJJ L_fl jjjj 4,Uu£aUI ILb j-«a ^iii L A_UJ j-aJ^Jjl 
Clilajjlaj L L-oj 3.1 Sjiflll ^Э ^aJJ L_fljjjjj .AjtiiVlj AjljLa-<JI Jllj-all £a Л Jajj ja 4-<alc. 

4^EUV) a.\)» 21 A_na_uiijjll (_3ji AjuoiVIj 4<n^_uiiij]! jj3 Ал -ujVI 4(j!) 4nj-^ Jl L-iSl ^C-^j_jU\ 

Ulj^. LliljC. Jjj] djLjlij Li^j ^aJJ t fljui 4.1 fiji^]l (_ 5 ^J 4^4 jjjjgJI CljltljUaiV I J 

tAjl^_j]l .CjLjjjVI ^Aj^. Liljc-jjU djlilij lAujj 5.1 ‘ijii]l ^ju» j idjLjjjj^lVI 

.Uil jc. jjjill djLnij j-Q 6 jjIj]| cnVL-3! j ^jAlixiH ^jjjoj j^jUn c 6 . 1 & jiill ^ajVuu 

4ju2VIj AjuLuJI J|jo]| • aI) (j^a2 ljUHj 2.1 

Cross-cutting technologies: resists and masks 

ulj-UI :4jjjLjJI Ual jo jjJII Ajlii]l ^la» <L^a]| djli Ailii]! jpa jlc.jj cilliA 

(J5L л L*-ill djli ЛлхЛ^м^\ ^jaIAa]! ^э jLij]! S-Ucj o jiall оЬд ^э ^ai .AjtiiVlj 4 -*пЬаа31 

.<iiij jj 

Resist materials 5 jUUU) jIj-JI Л .2.1 

<*_jLoA aULo ^al . W'uaiI jjjiaj ^^jJ! ^ ^aJJ 4 4n3ljC ^Lil]! C1 jLi1ax3I a ^ 

Ца* j . jaajJ jj 3! A_nj jn* jl (Patterned) A Ua 'ia <xjoi! ^Vu>n .*j jj£j ^lc ajjaajI jj 

ЯШ J A^Vl й jjjL ^a! лУии! j^aj • jjjilLL -л j (jj\.u*)Lujl (jjjsj jlaj Лл-л ^ I с 
Anljli j! <j!uVI ^ aLLj^) cjjjiUJ! Lj]£ (_g-3j ■ U jj iLq'i j! AjjaUjUI (JjujLui]] 

i / iVl ^аЗ ( 5 L]! AjtjLaA]l oULa]I £.1 j^.1 ^^Э 1 g Ь» a (jc. ^L-ujU C*‘ I» ^jj]! jlj-d! (jLji 

^ ^L-LVI AiUa ^oLnln t(Positive tone) c_n*. jU! ^LLJI Яп1ас. Я1и. j .^LU£U 

jaj]jj 13 ^jnjjJI (jjj3! tiilij ^uJaL-o 4 jjaUjjI] Ajjii]! 4_uiL-UI uIuIa! ^Jc iaj| J j3! Jja£ 
jjaj] jj]l (jlaLiA aJI jj (j^Ajj-o 4 ^LUL j . j^_La3I (J jL_a3I ^э <jL ji AnLli <*з1 j j 
£nUa]l Л_АаС. ДЛл. (j-^J .^^C-L-uiV] (jjaj*n3l Ллп j^_La]I Л 3-a a xil jJ ^L-ujU Л я i jaLJl 
4^nj j^J! <ijj 4U]L oUjjA jjaj]jj 13 ^^n]L-an]l (Jooa j]l ^^Ic ^L-ujVI AiUa (Ja*1luj 4L_j]Lui]] 
^in L_fljj-o ^L-ujU Л x i-oLUI (jlaLjA]! (jli !и£д . j^_Isia]I ^^Э AnLji AnLli (jjai^. ^aJ (jAj 
jj CIjLUaxI! оЛД . j^-La]] ^UaujljJ (Jl jluj ^L-ujU ^/iVl ^al ( 5 U] (jLLjAllj ojj£j3! (_ 5 -L> 

. 1.1 (J^jll ^L^n. _ja jj 
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ЯлиаЛИ 



. AjJLuJI j Ajaj^I! AjuIaaII jI jjsll ^UjU^* ^ujj 1.1 JLuJI 

t4jjj_aj (j-alL-aa. оЛС. 0 -gJj jl Ajjjlill LiiljCjjjll AjuLoa]! jl jaII ^lc ^ 

(JjS <■' *n ^^^ic Dj^li (jjfu (jl Ig j'c. c4j!.Jj .dJ jLo (jj£j ^^£1 AjjL'ac j Aj^jjI^j-q j c A jjLiaj^ J 
^Luujjll AjlxkL/ < Lj]'-C' AjjLiaJ^ <j' Vuxil t^alc (J^jjjj ctiilb L_lllaJJj ;4_j' y’ui.)L/l A_illc. jjj-ia 

jl j tlg \n Loja 4_Jlc (Contrasts) cijLijL£j AjuUaII jI jJI б!$1 jL JtLj .jjljB 
^Ljaill ^LLj ^Uja jl (Thresholding function) *Я_шс Я11:£ Jaxj l^jl ja U jl h 
(sharpen) ‘w Ln J ' g iUj (jj\jjll aJIc ajuLa-q © jLq (jl j»,j U j . lajAi'j'l ujLa jl*-d 

4_±a. ja <j-tfajji-Q AjuLqa ft jLq! <j' Vu<.)l ^ Wu 2.1 J^x'j'l jjJJj .^-Jalj JJC> JalLoil Iia ‘ l 
^cLujL/! jjajxlill Лх _1 4 jiyU'l AjuLaaII ftjLol! A£Lqjuj ^suuij UU ^aJ t4_i3j .£jUall 

cj^j .(Semi-log scale) gULjU jl L_L_^j (JjjIjLq ^^Jc (jjajxlill Яс ja. Лх>а jJ^Jalillj 

Яс jaJ! (j j3 c (j£l j . j£ jj ^^uoi (_)x^i*4j ^l t <jJaia_iAl! dilc ja_ll 4_1U Ai! Ц За^ч jLo 
Ja -ч <11 j! ^ajj ^lia. ^jjajxlill Ac ja jLiJjl £_a Lujjuj (j-asLiilL A^Lu-qII .ILL cAjjjxII 

(Slope) (Jj-e (jj .(Cleaning dose) (<Lja) Ядк1а Яс ja. _ijc LjuUaII ftjUl! 


. jL-a -Uuall tiilj jjc. j Л m x> Ajjc. 4 m л ^r-y^v ) LSL Lj 1 A a jll jaL aIL 4 шИ' aJIjI' 
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tjlajjxj]! jjJa Ja-vI (jj .у сАл_31аа]| ojL<i]| jA 


j-o £ jaJI IJa ^jjjlc. jl 


£• jjJa jll ^Лс. j}-Q 1 j cdjlj jj^I jl tcljljjjjiiyi jl cdaljjj jill ^LvnuJj C1ijI£ jl 
< sj-uj сА-л1х. ojjj-ajj .А^аДхлл]! o jjx-oll ^э (Edge slope) a^JI (Jja jl (bjLaJdl) 

jj.wll (Jjja A_JLg_Jl ^JL<ui] <jl_iluj| ^Jc.1 (^jJ) AjtjLdxJI SjLaI] ^Ldl jjLiJI (jjjj 
j j-«JI ^1\ ajjoiJL y =2 ^! j^- (j- 0 aJLlJ! <*_з!_аа]| jj-<J! jj Lj ^иэ ^ljjjj j!i£l 
LuUI SijJi J\ UUL 15 c> ^l J\ (PMMA ^LJI£) ^J\ ajaJUI <xjLUI 
J\ ^Shipley UV aj^UuII jji ^JjL <JUU) LjLaj£ (Amplified) a a4 , >U I 

.<Ll£j-<J! cIjIjU! JxLo-a J-a^vLoaII (UV-6 
J-AjjUI AjjLaj^]! j AjULUJI j-ajL-aUI L$1 jjfL jl Liaj! а_*^1_аа]| j j-«J! 

C jjx-o jjIiaL Ja-oj AjLaa'J <*jLia]I jIjaSI ^1лУи J j£-aj .AU.V CjLLc. ^Э ^.iS'Li'l 

jj*_A ^ jjAj ^LSl (jjooaUI a£LUI -j*jj .(jj^l cIjIjjjjjjj (jl j! tCjLjjl ^jj jl 

LU jLp.Vl Uc-I ^ j l^. U^_A A_b^iLk -Aspect ratio- (Я -xLJI axolJI) 

.AjuLaxJI jjLJI ^LLJ а1э! jaI! diLLgU^/L 



L jj£oJl 

cs^U j]l ^LUI 
(J j,-n j]1 (jjajiajJl 
jjLJl ^Э o j jx-a 

AaliJI Jc. AjtjLoJI 


JaJuiVI ЬЬ4 A (uj) uijj £jUa jj|i UJaj2 ЯдЛал SjLJ ^yul Ш JaJJ) (i) 2-1 JLuJI 

.tSj-aJI ^jiljfrjjJI 
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I j nxuil j jjjja (J 1 il f\ ^Jj 4 um JIj AjljLo-aII л! ja]I < QJ jSa з 

ЯлиЬиЛ jI j-oll ^Jj Д -LunlUa .LLLaj^ j (Conventional) (jjVij aa^>»a 

<suLaa]I j!ja]I LoliJ t ^I jajS Jc-lij ^Jj SjuiLa ^LxuoVI AiUa Jj)Vn c Aj.jVq Jl 
(Intermediary catalytic) >* (j ji^ ^^Циз j ; LSIjajS 4 i>«^\l 

. jjJajll Jj3j (&j!j^-SL оЛ lc. (JVjuij) 

Polymethylmethacralate ) c^J^!liA±n^A jj 4х^1аа]! sjLUI с’зал<Ц U] 

^ JaxJI ^jjLujI cJlj Lq j 4_Lui jULL Ja jj£! JLU. <j jjLiil Ua! jc. jLli! ^ (PMIVIA. 

с—ь-л]! <Ixuj!jj lg qjjiLii j^aj <■. уч ja ^jLL с 1 з!л AjAj]aj ^juLaa SjU l^jj . С 1 з! jjlUu]! jpj лзлх]! 

(IPA) JjjjjjjJjVI Jj^ (> UAk ^ljbLuL U jj^Uj fLj (Spin casting) JjiJL 
SjU jaj£j .(MIBK) Methyl - isobutyl- ketone jji£ JjjjjjjJjVI JAuj 
J j <500 K > *l«sLj AjjjJjJ! jlJjVl > ллс. ^ (PMMA) ci3jjjU\ j A lnujl jJI 
У < 3) u JjLj SjUll оЛ^] .^juj^ll jjj]l JaujjL \^л«Уз\ jjiulj (1000 K 

jl t^^uiqnll (JjS ^jjJalS c. ^ njuli ^jj]! J ja]] ( jJ^Jaj]! Jajjjoij <j1ax]I <*_nla ^lc LLajC.1 

.CjL jjjU j! cCjL jjjibU jl tAjiiuJ! Ял -uljLS 
Ajs Ja <LI£ja]| Cj! j!j]I 'Lc-L-ua ^a LaIa^Huj! jj^VI AjuIaa]! S^IaS! jj 

0 jjj|j л! ja]| ftU ^^klun j .(DNQ) Diazonapthoquinones jj ji^jLL j jLJ 
j! <KOH JL* ^Ia (j^li jjLc SjIc. l_j jL ((j^V) (Novalac resin) <iNU ji]l 
Lnjuia jLxa l_j£ja £a ^■jjAA]! (TMAH) jjLui^jj^ja ^jjjja! JjjjaIjjI j! cNaOH 
jjjlj jLjj jja ^Jc <j!^j]I ^L PAC lU^ .(Photoactive compound PAC ) 
jLji]] Jj\i (jaA^. (jj (PAC) L_£ja]\ (J j <3 1 i^LxujU jlajail]! Alc. j^Sj .tJVLjJ! 

(jLlA jla jxl (jj LL^! cii] j L-.3.1Ia*j.3j . jjJali]! (J^jL^. (J j jj j! <uia jxa]! (jVaLlA]] L^aLuj 

(>!>U! (ja j*j]I ^a ^k j juLj <(_sj^.l LLjklj jja ^jub ja 100 mJ/cm 2 CjLcjjU 

jjLa (jJ jA ю%) jfu^a (J -Ла jAuia jLujjl ^ L. iiuijj ^£] (ajjIj^. aLLu) jjLiS 

(Standing Aia jja]! с!з\_а. ja]| Cj! jjjL jji-usaj jjJalSI jja PAC l_j£ja]] (^LjaIII 
(Ji^ljj c cjl) 4 j>uin\l ( 3 j 3 ciilcLuoi^U jjajxj]! aj^-jjj L^J! ^Jj waves) 

axjLaa]! j ja]I j 3 jjjj Ila .(^j!j]I g. j.^11 Sjj£j]l cjLujl^xjVI (Interfering) 

AjLjujVI ЛЛ -aljjj .(y ~ 6) V л!ха LjLj jLijj t <UaJuJj И j Lnujj (>j < jjSj J^ -Ц 

(I- 1хЦз AjjuuijU! jja AxL!H jjajxj]! ^l-ikU л!с (Spatial resolution) AjjLjai]! 


34 



djLiLaaJl j jIjaII оЛЛ ^.K'iuii .350 ПИ1 £_gilja_i o.1Wa 4_iajA (J1 _Jal Ллс. Нпс) 

^iLojll 4iU ^i Lmj cAjjjLll o j^-aVl Ac-Lu-£3 C1j\ jalaaua ^i ojjj^II jLull ^i ^j-saLiJl 

. 4 Q jj ~v. ^ jLl 1 ^ J *v 1 1 * * ~jj 3 4 Q <йл\ 1 


(Backbone) ajjSs klokj (CAR) l L\_iaj£ 4 л~\ l>ia 11 <xjLdxJl j jaII ^lViun i j 
(Dissolution inbibitor) jLjill Ji <^Li ^Ljaj i31aJI сла j£lj j^ 
^JLjajj .(TMAH j) (Aqueous base) ajjUII бЛ& Ш1 UIU jjo LgixaJ 

л^ Jj J j^ii ^Ul (Photo acid generator PAG) ^ j^ ja 

<j£i cjjajIjJ] jj^-lajll jajl >л~\ <jlj Ллл (PAG) С_л£ца 11 JJXJ Vj .^Lx_LV-l АЦацзи 
Catalytic ) Ajjia. Aijulaj (jLjLll ^x_jLa clLc. ja*s a ^.а Jc.lijj tiili jjc. Ljajc. 
I ja. (jjaA^il j^ j J* >.) j U£ < jLjiU jjajIjJI tiili Jx^j >>’' и*ч j (fashion 

^jj t-LijjJa]l оЛД ^Э .AjIU 1 g 1 » j ojjajIjJI Ajjidl AijoiLoill ^ic. <_£ J^.1 ja 4 jj 11 x_a 

L_j£ja1I ^k .Wlj Ljja. (jV ilLj (бЦЛ 100 ^l J^- Ajlxi) ^LjlS (jj'wj 

.Ajjidl <LalLaJl ^gic. ^xilj-dl ^J^xil £_A (Jclijll 4 'tUj (PAG) 


jjajxlill Ax_ujV aJLxJI Igjjuilxj'S iu>ii Ajljjll ^Э (CAR) i J-dl Cjjjikl Лл1 

Deep Ultra Violet X = 248 nm) Jjx4*Ji j ^ (~ 5 mJ/cm 2 ) 

I.W, JLc. U^Ljj jIujI ^il Ljajl jlj-dl оЛД (Jjaj 'LLxJl \ g j uii\ пл ^ij AiLjaVLjj .(DUV 
cjLLxJ 1лл> <aj^La Ig \x *sj La (15 jl 14 ^ij L^_ljj-aj ajjL^a! y > Ю) 

1_1э1цо Jjjl ^i u-qV 1 Llli£ j tUjj-ajll Lil jo jjjlll ^ jjui^j £-° AjjjLll Lil jo jiLlll 

. ciAj j jj£iV 1 U j^. 


Mask technologies 


AjuSSn -V -2.1 


^ic. ciili ^XJ ttiVuj ^aJ t^lia ^Jc. Lj^JA Ja-ojll jjfL t*LiJ JjJall Lil jC-jJlLl ^i 
A_ujLi 3 j-i^j ^Lill ^Jc. JaAjll juLi jjU CjVUJI jjaxj ^Э .AjILiIa CjLIaC. cjLLa. ь jj^jll 

CjIja jjAAa. jl £_ijl ^Lill Ja-oj j-oLi jjfL cjVU. ^i Lujj (.ь jj^jil ^ic. 
jl (Reduction) Jljla.! Aijjia ^l . wLujL Aic-Lia ^Jjj .^pL^jll Ja-ull ^gk ^jojLi j* jj^I 
AxUVl Lal jt. jjj! ^gk Ljajl AxiiVl fLwLJ ^jjj .ojjx^ll (De-magnified) jj*^ j 
<JaijuLAll CjL jjjiiyi Ujaj c(EUV) ^JjxjII A_ia_uijjll jj3 A_xLV1j t(X~Rays) ^JDuill 
^.ikluij jl jjajjijj .1 jjj£ L^-Iij Lu3 jIjaII ciVj^.1 j-a ^c.jlL tCiL jjVI Ujaj c(EPL) 
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fjLklqjj LUljx jiiAll (j-o (_£^>VL/1 Jl^Vl 1-^1 aj 1 1 1 Axjil 4 \ jnUl AxjuV! Ualjc-jilxi 

.AjtjaVl ^jj-a (Jj^_ujJ J jxj Я) j'vVUl A£,l_Jall U ja.1 ^ L-JJjuJ 1 j .AJjlLJl Jx.ljJa.il LjJIx. 

6 jjj— all tL_J JJ*J1 1 g Iai-L) (j-Q j t^-ojLUl Ail£ jj^Ja ^LuiilujVl AjLx. (J^Lk ^aJJ t cil!L£ 

l^_ujl_i3 ^x-al LU^ ЯЛ jVl <J jx >.si jj^Ij Ij^X JJ^l (jjfL (jl ^Jj L-JjJxJI Uf-Lij • < Lijl^_i]l 

^aJJ u_J jjxJI j g.1 Ji^L/l ^*. }-q~v jl ^Aj t(_£^)Vl ® j^-° Axj^V! AJaj-uljJ 4J jj^UI Дх.1. lJal.lj . jxu-al 

. 4 x.lvja.ll (JjlA. 1 g х>~ч ~ч (J 1 jjkl Luajl 


l£jlixj) ^gJJ^JJ jjjl j£ (j-Q jl 4 _i^.L^. j O jj£j j )-0 LjjlxJl A_iJ jx>lll UxjiiV 1 (J^iujjj 

^aJJj .£jjJall 4 _j«aUi ojLo^ (Сг) ^ajj^ll (j-Q 100 ПШ (Jj 80 Jlj^-i 4 j 1 Lia (o Jg x-Va 

jj£V 1 ^ajj^ll (_g^JJ (j^J ^MoSi 2 S.J-a£ (_jj^.l <j-£al_A jl ja ^l^Vu J (jU^V! (jiaxJ (^Э 

La'i'i ^aJ <xjLa-<i ]1 ajL<Jlj (( <j)Vl ^U^) (aj^j^U oLuax-<Jl ^ LlaJl ojj£j £.LUa ^aJJ . 1 x.jJjuj 

J-Aj^. ^аЛ Vu J Jx-Llia ^aUaj (jX ojLiX. jA . ^Jj! Ul *\\ Uj-o ^UajuiljJ (РяИСГПСС!) 
jSjJj . Ix. jJjoi j!i£l (jVl c.*‘ ^ u-ol jjj]]l (__g-]c. o-Iajx-UI Дх .1 \UW <-Uajl jl Vj tA-ijjjj£]j 
4 i]£]ij Ajj]oj ]1 Lxjuui]! L-jluui^. ^Лх A_i]lx Ljl/ujLj LijaVi ojj-o ^jjjilj/l ^lxuui]! djj /1 
l_ 1 Jjuia ]1 ^LxjUI ^xjj-a 4 -i-al JVnl ^ajx g-UvVL/ A_ijjjj^]yi ^aj^-ll 1 *■ jajl £jJxkjj . 4 £yU A_i]lxJl 

.(_^ jV .1 U-q 1 jc. (jx j ^LxuUl 4 W Li (jx 

<i]£ (J^lj ^ J-U jjU)! ^ J-UxuUI AxljJ-ill A-Uajl (jj^j (_^J^.l 4_I^U (j)-Q 

1 g UitiVl ^aJ Ajl (Хий C^jjjj£]j /1 ^-Ixjud]! <-Uajl <jl y'ujl (_J jJjula (jjj (j -0 tLjjli-UU 

Cj|j (jj^j (j! jjU]U <xjj-£a-Ul Axjsj/l ^-aLLq Ui-^jj • й J^.L /1 Cjjljjj_Ul JJJ^ JS 
(j£-aJ V £ jjJall (j! 4 qjq -4 j) Ig x^j-a A_ 1 a 1 )VVll ^aJX A_i^U (j-Q (_)э 1 g .1 ]аЧ 1 j ^axjl L_ljl j^. 

• (A_iiLuj Cli 3 j )1 (Jdiaj (_^ 3 j L_ijU_il S jj-<a ^juiUajxAjj^ lIjL/L^-a A-UjujIjJ Aij^ 


Lia'jII jSj (Uj c"<. flj)aj]l" ^UUl (^g-U" ^CxjUi-Ul fijlU! (^Э Ja-<u]l jjj^j (Uj Uq jjx 

ojd^. fijj-o L_j)aj]! ^U-ui]! (jjj-ojj]] .(Сг) (»jj^]l <flUa] LiLj ^JljAj^ jjxn 4 Lu. ol jJ 

^XGJjui^. L_JjJX 4l\ jl (^Э ajxluuiUl (^Jj (Jxli <U]U j£j <flj)aj A-Uaxj (jUaJj Lajiti) 4jU 
Л-ДаХ (jU-^a^j (^Э (j-^J lLa^)]l (^^-uLuAI ^ jl . Л ' J-lA-ll . й j __)J ..II Jjl^ 

aLLI (Undercutting) o^a J) Lu. aL (Anisotropy) ^LAUI 

JUj 'i aL 15 ^ЛЛ (Aspect ratio) Ujaiill jj£j iiLI j .fjjLll 
aLLjoij JjSj t(Wafer) AiliJI ^L. 200 nm AAL) aI^. aKjL. LL 

Lj-> 80 nm (^jllj^. s^lc. ^jj£ll aLLuojj (a1jI4j>1I ax-LLII 1:4) ^LAll ^^lc. 800 nm 
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j^AJ (jillj 10% djllflA ^^Afljuill (Jrf'l'qW ^^^u -лЭ! Лл. ^J]j 40.1 (j* 4 jC*L ^Jjuj ^1] (_£«jjj 
L_J jJC- с*Ь\1а! Л (Jj-QJ tilli £_a 1 g '^lj fcL_fl\_^J! j)IllAlill CjIj'aC. Jjjiaj ^aJ Ла1 0 ^lc. 

.(IC) L1aI£1a1I CjIJJI Д-с. 1 n-o Ljc ja jjc. jjj*j JiLi^ll ^ 


^UaiVl (Inspection) viLt-a ^ Ях^ЭД! Яс -li^ ^i SjjVVI jJakll 

jljjj j V^LuUa JjlaLiA j j->-a <j jIaaJ Ljjx-o) Д -JJ jjJall Д » ‘iVJ 1 *LjjLx_a ^ajj j . 1 g aJa jjj 
Dntnbnse ) CjLajLla *jjc.li jA LijLij ^oLAj ^a ^Liil! jjj^a ^jjlLaj jl tciAJjjji 

ja jj^ (150 X 150 mm) jLuL ^ ^Ui <_$! ^jix-ai aUac. j^-Ljj .(Models 

Jb 4_i1ia LLjIa Lo] ^al Л VhUj l_Jjjx1I аЛЛ ^a-ojjj . (Jil jl 10 I^Ixujjja ^Jjj 4 J _9^d' 

l_jjj* 1I Д.11 jl j^ajj .oj£jA ciAjjj! Uija. ^g-lc. A_mA j! (laser based) jjjll! 

jjilb (Ablation) AjjViIIj (^ju) £ jjlall Jaji-Q j-aLu^aJj! ^i! ja (J^j ^^Jc. j-d! 
j^uuil!) 0 j£jA (Gn) ^ ^Ujj! Д -Ajau "Luijjaijl! vLa-uj! jj j! t(lj±udj jjjj^l! l_j j_j*_U) 
L^j£lj vLla SjIc. is^j ‘(Clear Ajiil!) SjjiiAl! <juaLd! l_jjjx 1! ^Ulxij .(IVIilling 

<Jajuj! jJ j! t ( C* iVhja j jj! j! J j^V ) ^ULiajS jLVj L-JJjuj jJ vlajui! jJ C ^aJA jill 4 \я i-o 
jjj^. ja jlxj c^Lifll! CjLajajj ^aLai! jxj .dlljlal-l! ftjjxJA Ajxj-Ija Aja!jlj!nl AjIaC. 
L jla'n Ijjjc. ^aJJ tAjJjjJal! <xjiL/l (J] <Jjujiljj . L_J jjxl! ja (JLl Aj! j-o л£Ь11 AjjjLx-q 

^LuiC- jC. 6 jLc. .(Pellicle) s j^ Lilib ^LLJu (Sealed) fJVjj ^Uil! 

^l Л Уп*)У! (Jj-1 J ! Ili . (<£_a. (J£ JA Ailxj) ^liSll ^UajuJ (jj lj! j'iaj'a fijc. Лзмп L_flli-uJ 

(Jjjj-al! (jjjjl! ^UajuJ! jLa. (jj£j L_fl j-uj iojJjjia /^LiS L_j£ jaI! Viij ls^ b 1 <flj3j 

.0 jjj£ C* Hiij' L_J Jjxl! cjjl£ LalUa tlg jc-bla ^aJJ V ^JUlljj t4-C.\ )Ia'l aJV ((JLa-UI J^aC.) 
j! (j^n ^JIjIIjj сД1э1£а Ajjuuaj ojjjuia i’n.w'l Дпа! jc-jinll! <jlijl! j-o ijjxl! c*"jAj V j 

.(jjjlajl! jjc. 4 K jiA c. ^ nuij 


c(EPL) AjjjjjilV! J_AjaJ! JalijujJ cjlji! jc. jinl ^i <xji! ^J J_a.La. Ljaj! jlljA 
tCjVLJ ола (j -о (J£ ^ .AjiiuJ! Ax_uiV! j c(EUV) 'jAixjl! Aj^uuiijjl! jji ^xuIVI j 

lj! jiall ^э 1 g ji-o jj ^jju.) ^^lill Jjjjjjall <xjiVI ^э Д-алУпиа'! jilj jc. л! j-d! с <a'j Vi 
^is .LnjjJai! Д -xjiV! Я£ Jjjbd! lJ| jjA-dl! jjaxj jlli £_a Д -xjiL/l ai^Jj - AnlLnll 

j-oj C^Jj! Ia-<j Uja Ala-ujl jJ \ g LjaVi ^aJJ ^aJ iVxjLA-d! SjLaIIj Ajij a jj£j £^Ua ^aJJ tJJLa. 

jAlj i л! j-d! ^i Cjlijjill 4 ~>jj'l (Jjx-alfljll L_fliiilj . \ g AJA JJ tilli ixJj t\g j'nLt-A ^aJ 
^aJJ-uj La£ cAjJjjJal! Axji^! Д-С-\ н-а ^^Э Д-аЛ Viuia'I jlljl <^jLula lj'j'a» 'I ^La^.] 

. (Ju^aflll ! ЛД ja Ll! jfl3 ^^Э <inua jJ 
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jjjjiJl Jc- Lal jc-jiulll cjLlij 3.1 

Photon- based nanolithography techniques 

(i_j! jjSVL) 4_4^1_LLLj (jjLLIL Aj jjjaLl ^cLkll .1.3.1 

Contact and proximity optical printing 


Ял -iiVl jl i(EUV) аЛ;» '11 Aj^jjiiJl (jji jl tAja. ■ ..i .'I jji) jjlijjjall ^ Q 

4 r-1 jx^all (jjljill (jjaaLnj ^bIjC-jJjIII lajjjjl] >.<U' jl Л.-чУ 1 (<jjJjj]l 

IJI JC jjI] ^jjjVI ^ ji jj^j]l jjjJajll J-JXJ Aj. U] j tAjjjjjHl jjIjLall 

n l -л*Л 1 \ ? 4 Ci l \ ]<ч\\ A_1 ujLujI L_ll]l_ujl Aj^L сЛ j V Л*о\\ 1 LiSl ^Llll ^Jl Ajjulillj . Aj jj\j]\ 

АсШ I .(Projection) Jaliajybj c(Proximity) a-^LJLj c(Contact) 

SjLaIIj ь jj£jll JjujLia ^fujl^J-G (Jjia^/L ^JjUaii ^Li]| £_u«aj ^aJJ t^juLoj]lj 

jV ^ (jjS s-jjJa AJajjijJ (juj\ 'ч"’ 1 х> J^jj (J f\ jnll lib Ss-LiJaj ^aJj ^aJ j-o . Axj\_A-L\ 

\_gjj£ ifijjli aJaxJI a j^J . J-o (J jJa \ j^A Л1с. AjxuLui^. j!i£\ jjfL L5 ^ ju-^W ^'Liil 

VI .IV аДс (Spatial resolution) ajj^* ^jbi^ Л d uVjj 

jxj il .(Defectivity) l_j jjxJ' j lVJ\ ^ (JjLqjIIj AcLial] ajjoLjV! ajjLJ u' 

^Дс A-jjjJa]! <3uLa-a]| ajLo]l LLL (jjaxj U]jJ^ Sjj^jil (Jj]j tjiajxj]! 

£-0 (JJd-O^Lj jl j-Q ^li£]l ^xj-Qj jl (jjlijj jljxJl Uj\ A UlI' 4,1 j^S-Q ) 6 ^JLiL J .^'Lii]| 

jl ^V^j t^LiluuVl j c^-obLi! jijj jl L-V^ L<uq 1 g (J-cl£ ^ic. 4 и»,\1 

AxJ£U jiajxj 4j\-aC. (J£ jxJ <xjiVl L ‘ijLaVi jl La£ .(AVafer) Ajlij]! jLu£jL c._ 1 lui'lj 

(U (Jljil Ai\j£ L-liuiJj cl j^Aj .^-\ji]l ^-<u/La Ajc.jj jiajijj ^j Aj\_^j]l ^JjjJ j\ 

A_l^.\j]l j-Q c" u‘qj \ g j^lj 6А1 а1£1а]\ l!j\j! jl! ix-Llua ^ajjjjaj (JlLu]lj AcbbW jxj 

. UjLlaVJI j Aj j У'1 д ч а\ 1 CjLajVl ^ lc-jjjj JJ^Vl Aj\ax\1 
cAJLaJ! ojA .A-dklj-Ulj Ac-Lila]! j)iL<u]\j Ac-Liiai] \,j uuj L_JjiV\ Ac.\_ila]| 

(JliJI j-ol^-o jiaijj j\ a J>^W <- Vwj .^LUIj ASLS jJI jJJ ojJXj-a (Gapj oj^»9 j^.jJ 

j\j ^ g,Vu ^LulL Ac.\_ila]\ ^^9 ljV jL^-aW a iLLc. . ^juLuiL Ac\,)]a\\ ^x-o Aa3\jj-<J\ 
.(jjii luLiujV j! t A ^L uuaII JJC- Jpl£ jilj cljLujui^JI t. _ iuu \ A-Lj.LL<JL Ac-LJa ^jj-aj 
^c-qXLL $. jUaW j jj^kl A o jj.W a A-<jLLL<JL Ac\ iLiW Ajj\_jJaa]\ Aj\ fuuVi jj£jj I jA 
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( Diffraction patterns) j 2 JUJI J .^USII ^_k- 2 x. ^±кл !1 
j) .(Fresnel diffraction) Jijja J (Near-field) uxjS JUuU 

: j* Ajc-Lik ^aLU j* - .аУ! j ^Ldl (JjAjSII 


Wn 


лД? 


(1.1) 


o j^qll g j 4 - 1 аЭ 1 _иЛ e-jjjail Jua.jA jjia А* J 4 ^-<ЛЛ] j» x-oVl ^auaJl jA AVpjli 
^jLjji]! ^-N^kll jli .0 ja^JL ^Vill JiijjJa]! оЛД jjLuLA -W .1 j-o .<iliij]l j ^Lill j)jj 
С и п ^1 ^'Lill £jjaj 1 1 » ks-l jjfL u' U^^J 66 jJ*o-a Lo Дх -Llla] I Ja. jUu-a ftjic. S J>^]] 

ajlcl ^ji]! 0 j\jj]| jLajV 4 ij* II jji Q JJ* **а 11 o j'n^II jjjLi ^Jc ^ wll j^AJ 

^-cijLoi] jjl Я -^LLLIjj (JjLoj]\j Ac-LiLa]! ^Cji] (_£ j ^^/1 AjjujLujVI AiuLI . I g ~*w U 
jjj£j t(jLia.VI L_iicl ^э .ajjL^j]! s jj^ll ^ic. j ^-Lji]l ^Jc ^LSJI (j^j <c jiLijqII 

JJ^I C* I VqI I Acl I 4j1aC ^ ^ ) n лЛ j .W a лЛ\ Cl ebSfl (Parameters) CjIUa ^ j SjUuVI 

.l^jli -Wj Ac.Liia]| ojjjJjuj] (J j^.1 4_ijLjj3 CjLjJj,Wx> jl J j_j^JI A-ajjj Laa 


AjajLuiV) tliLlaaSlj ^Jblidl :<Jjua!l -LlLuiVL AiiLia]| .cj.3.1 


Projection optical printing fundamental concept and 
challenges 


Jjjjjia 4 4 _ia.j]j'l^'lll CjLajjlaj]l ^Э Lal . W'uul j!i£Vlj cAj]Ij]I <L£jjla]l 

Д -clilill jLajl j£-oJ .(jj.2.1 cJ^JI jiail) *^jiaLLujVI <cl_lLa]lj Ajj jUa]l LiljC jLJ]! 

Cjljl j]| <cljj-a ^Э .6jj£j]l ^lji]| j-G DJJJ -л]! JJXj-£ 3J (jjjj jl £-<* AjIjLLujVI 

L_JJjoi]I Jj*Jj .CjIjji (J-ia^. jl £Jj! ^l S Jjj-ail jjju-aJ jLl^V! L_licl ^Э ^aJJ 4 4_1 а1£1а]| 
AcLlLa]l 4 j1axj 4_L-£3 Jj j^! U -0 _jJ^l qK'i^ L— i\ llJa'iA jiajLaj ^Jj tj]]j ^Э 

$. jxUall ^al .W'uJ ^jjj . j-jl V'lxi AjtiiV! d^Ljal сЛ -lIaLLujYI Lcl llall ^Э ^aJJ .L^jli 

^aJJ .^-xjLxia]! oJLa]\j ^лИзаИ ojj£j]l ^Jajuj ^^Jc ^Lii] ojjj-a (Jj£-uj] ^-IjLl JJC jLa]1 

.\j!ja]Ij LjLui^xi! jjj ^c-ajj jl cLIjaj CLjLuj^C j-Q jj£-o jjj-saJ ^al Li'lJ ullj jLajl 
ojA ^Э 4 j^lj 4 jjj^ll й jAlia A \ 1 '1 0 jj.W-Q Ljajl jj£j LiLiluiVl ji -Э 4LIA jaV 1 Uiij£j 
JaiLuJl ^.jjjaii ^jaI! (JjJail jA jjj^j jj^I LjlLjil j £-Lii]l jjj LiLuiJ! jj^j ^LiLaJI 
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j jl (Far-Field) jj*JI — JLa-dl J=L*j ^loiiJ Jl jc .. n La (0.5 m Jl ja. sjLj) 
К;.. 1,Л JjkLll .'ijj^l J=ulj Хл*1 a_L^j J (Fraunhoffer Diffraction) ja j^jjl ja 
JUI tjJ]! (Rayleigh criterion) JjI j jU*-a ja ЯлСлАИ j=Lii] zAc. ^лУиа; ^JI 


Jl>x>'b J jJaJI £CJJJ . L_J 4 jJ ^ J>jll JJj-L-aJ J J)J*vH ^^lil J jjj] JJV'I jA 

Ja-oj oAajo (^\jii]l ^ic 4 Joq'i AjI 4_1л1 j]I \jj]\_^ ^Э jl ^Lia ^ > )) ^ La^'i ^lj>\ .‘Рж J l 

oJjoij J.W a jjajCj t J^jaII ц а)пС- SJLj «LIjlB • ( Airy disk) i-jjjJa i-*ijJ 4 1 ~ua 


JjIj jLix -й .liAaj aJJ .Ajj£ja]I ^jJaxll йЛио11 jc. jI*jjVI Л^С j-ja^ljjJ CjI jljjAl 
jja> 'il Ла.^ ^А^аяЛ йЛиЛ Cjli 4 JaVil ^jj C п*ч j L_Jj£-ui]j (JL>a jAjJa jjA> 'i <jLiluj| 

.^jLJI ( л>|" (Airy Disk) Ajjjxjall Д»д"1 Ujjll s^UJI Cjli iJaij Jjl ^^lc JaVl <^1с 
:^1 j 1а£ ^Jaxj (Point object) ^gUa^j ^)>\ AjjjjJall 4л1л1\ jlaa jl 


D = 1.22 Ш. 


( 2 . 1 ) 


^ , j . >ill (J^jall j& 'X. j t<joiJ*JI ^)1аЭ j& d ^4 . ..л. II jj^\ Лх21 j& f 

: Jj La£ Лл Я=1=£ Ljajl ,j£LaJ ■ jajll 4 '.I y . ..I N Л1]л ^JAaj 'j jlx. pjj . j ' Ч"' . ., j]l 

0.61ША R= 1.22Xf/d= 1.22^f/2fsina = 0.6a/sina= (3.1) 
<=Jj]l NA j >(d/2f) Я^лхИ (Convergence angle) L_ijliill Cjjl j a Lua. 

JalL.; 4 /' 4 4 _njjaj 4 Vi j\ . a| ^ \r. J л , ^ L Я]л 1 х_а]| = A ja.ji . (si ПСУ.) Сл Л дАД Я=ЛЛх]| 

Jr- hl CuLi]l Auillllj ^lc . : j' Я]л1хл]| L-iiSij . *LL-=ai-a CllljJjii (jjiJ Jl JC. Jjj]]l 

: J till JLiJI 


R = кД /NA 


(4.1) 


t^l jC jJj! ^Uaj ^JJjSj (Jj ia‘i Jj>a 4 _]л 1 ла ]1 аЛА jl jA ^aCj]| ^ic 

jl) j;i*l] A_ 2 ak^UI <jl>“uiiVI jj£j jl ^iijJJ V j .ajAUa]l jptAj]l jjaxj (jAjJ l^jl V] 
jjijj , jJ -а^У La^j .<JJjjJa]l 4 juLaa]I ScIa]! <j\,>*Ux)V <£jLola (A_iiiui]l A_iSl jC jj jA]| 
jl j^AJ V <ji]i] .(jj ^.1 сЛ\а jA j^ij£ (J^ Ci) £jjJai] <juIaa]I oJIa]I ( jjLij) AjLajjuol 

. Ачэ (Д"л£ Laj I j сД -olc AJcL*_a£ oi)lcl ^g-LI j jLiXA c^.jj 
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Jlc. jjLj CjL t ScIa ^LVujL kj СлШ 4_ijjjaLJl Л Ajqll cLIaC. 

cki/NA *Lgj3 jli 4 <LqI£!L«J1 clIjUI acL,^ ^j .0.8 Jlj^. (DNQ) L* 

<c.l_iLa j^aj V 4-jL Lolc. Iaia jjL (jUl j-°V! ^-i^Ijj LjjjL ^ jVI ^LL-Jj l -Lijl£ 

. 1 g'icLla ^^Э ^аЛ WiaII ^jjJall ^_^.ja! 1 (JjLal! jA jxj_L ^A, ^^Illl ^laLaII 

o Laj .AjLilujVl jj«uiaiil 1 g x a (JaLuII j^Aj (Ja! jc. aj^Ij о!Яс.! 4.1 aLLxaII ^^э 
6 jil! (^j aji^Vl -jjSxil (J^ylA. <LqK'U'1 CjIjIJ J-c- 1 u*a ^э (J^^a^ La л \\ k^. t<iiiia-il ^^э 
j^Aj <jl ^lc ЯЕ1 ха 11 j-jijj .(Moore's Law) "jja jjjL" aLvL AxiU! aj^ jl j^Ml 

c Liu jL j . JJ^I AjCJc <Vi3 CjI i CjL-uCc j jj -^аэ! Д_а. ja (J jla 4 , W'u»L AjLLjujV I ju+i Vi 

c" nVl'll cij .AjLiL_uVl jjJuiVil ^g-^-Ju^jjll (jj3 <• QjLll jAjJa 4-ia. jaII (J1 jLVI JJj-sai j ^aJ 

^.аЭ .^jXJI e-jjJal! ji'ltAA jil jJ (JjjLuj! ^lc Ss-LjaVI ^Э A_a^Ljjuia 1I 4_ia. jaII (JljLVI 

(Filtered) ^fLjl j Mercury Arc Lamp ^iLj ^ jS ^L-aA ^IjvU cAjI^JI 

CuLjj-aJ ^jaa-o" (Ja.1 ja L j j jjJa Uil j jl£ . (jjjCa ^ ja. (jLLj jja jC ^lc (J jj-a^-il 

(J jja ^ic. ClAuujJxll jiaJjxj j£aJj . Л jja-ll Л y\ \\ o Cj.W а 11 CliLljaVl jAj-ia JalLujV! 
^ jjjl! 1Л1 а CliljjjL ^_iau-aJ j^AJ dc^Aj . jA/l 4_1 aL jj£j <•" ,1 jjXA (_^-^.ja 

^jjj .cjjjJL Jaii oc jCa-A o jjj-al! LjLlujl jj^jj (ujj^ ^jl) "Aberrations" 
365 nm j (G-line) 435 nm Яла . ja Jl jLl ^jc ^ jS cLlxjjl ЯАи jll ^ jill ^jL^a 

AclkA Sclcj 1~4J C-li-la. ^_^.ja JjJa ^al Л Wil Lg_i3 ^aJJ CJA (J£ C 5 ^J • (1”Ипе) 

I- j G-Line (jjj^^-JiAll .*IJ JjaI jjLVl Ajjjjjall axjLaaII ocIaI! (Reformulate) 
.DNQ ^ jj axjLaaI! j jaII ^a (jl-AiW'uj i VI j Lqj LL Lme 


t4_illc (Intensity) ojL ^gJc ^^Ljj j^^l JljLl (^lc J-^aa-i 

(jl£ £u-ulj J^ ^a, W'util (jil! JjV! ^ jjll . J jjlll (_^-ic ^JUa jjL-aA (jV! ^аЛ Suti'l 

•248 nm uic s jL Ljjj ^jill (KrF Excimer Lasers) KrF LlLvLuiVI cl! j jj 

£ J-Ja ^LjV ArF jjj Л (ciJ^-Vl CljL-jxill (jiaxj £a) j j_llll C5^ jLxll JJJ»'l (j^AJj 

ajj^iII jl jJI lu ола aj^.jJI Jl jLV I j .157 nm л F 2 j 193 nm 

( f*-l 'ь — .11) ^_u£ jill (_£jl*JI JJjlj£]l I Ajj JJ iC-iy£JilA _}^ AjijJVIj CjLji ixll 

ijji JU.J jJ АлЬ j .248 nm jjJ ^jj JjL iic. * juJI ^'uUb (Synthetic) 
11 j jg aViaII IVLLl ja ^cjjA ^al л Vu^il ^ajj Л93 nm icj .CaF 2 ^ axa (jjV 
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JjJa Ulljil jjia (ji Clll j Li) 157 ПШ ^jc. Lal .Ajjj^iaII ^JjoL-adll J СйҒт 

(ji]| ^)aV' 4 (J^LxVaV I CjCjui jjfL jjj! j^J! jjli 4 (l_Aj£J! I JA 4jIj£ (JjlV jjJa'Jl 

СпҒ^ ^ Л JA £_A AJjujLujVI ^JjX »-a\l jjl .]VlgF jl C 3 .F 2 Л^-й]! ^lcVu *ll ^^C-'VuilJ 

jj£ jjII ^ jVL^v Scc.) (Optical birefringence) yLLnll c 5 >-»J! jLAjVI 

.Ajjj-sajll ^jJaLuV!] CIjI . jqx'Al j-o Ijjj^ t ^u^aj lcAj « (^ з\‘\^ a CIjIjI J-ifruJ Л1с> (JjjL! 

4_jjI_iaj£ ajLo ^Jj idljA 4 &Cj.1^J! 4_i^.j-o]1 (JljlaV! аСЛ j-o <L^.ja (JjJa cJ^J c с-*\\л5 

^jW AijjL Aj^jJl J jLVI оЛД ja 4 _^.ja (JjJa l£ ^аЛУиП .aCj-la. AjJj-Ca AjuLaa 
A jjiill JujjLui]! j£Jj .SCj^. *L1 y'util j A_Jlc. Aj-uj\,u.i^ jL^CV AjuLa-o]! j j-L] AjjLaj^ 

^i l qLvi ^ jjja]l - j>»a^\\ й^1 jaJI cl j-dll j 4 jLjil! djLulA 4 jjaj] J jll (Backbones) 

^х)а~ч u-o'i 6 175 ПШ CJC. cLiiJaja .(_^ jx-a )\1 j_al j.-VaV1 ^Э djlijji]! 4 j'NjVi ДЛи^. (J£ 

аЛ-л]! ja cCVj <ajla ^^Э L^-aI Л Vuj.i 1 jVn jL j_al x ViaVI oCjCjoi 4_ijjj j£j jCj^JI jl j-LI 
A,\ Па\1 j!ja]1 ^Jc. 4^^-^.ja]! (Jjla]l 1ЛД AlC> 4 dlk L-saillujl CllJjV Ciilj .<JJj-uia]l <xjL«ia]I 

157 _!! cxj Ia IaI . jVL jl (J^Lj AiliL 4jV (Fluorocarbon) vL jjj£ jjjlill ^ 

4 £. J-Ca]l jd >/ia jCaxJ ^^Jc (J jj-aVI <jjl£-oj j3 jJJ3 ((JsVl Vi^. J-LI cJl jJaL/l (j!) ПШ 

Jc. <- _ i~nj 4Aj^.ja] 1 (JljlaVl йлд cjc.j • jVl -i^* (_^j cJ^li jjjj (4 1 g ‘l a L! j£Jj 

. $. jx ja\\ Cj! jl! j_a 1 ViaL/I (jdij Ajxj VjLujCx]! (Jcj 1 j! ja ^Л W jl Ajjj-aj]| AuJajVI 
. Lj.1^. A V\ Jia Л i.W jA (JICoj 4jjj-ufia]l AxjLaa]! ojLJIj ^-Li]l л! ja ^ijjj 

4l_V_V AjCCxJ! A Vq\l ajljjj j-Jl (JjJa]l j>»jqVn <j-aLV\l S j£^]l Cllj^Ji! Л^] 

(^JIjILj ^(Depth of Focusing) (DOF) (.sjjjll (З^' cl£b 

(JjLj^V' (j-e V 4 Cj.1^. jjA .Aili jll ^Jajujj ^IjJjujVL (j\x*n La ^Э 1 g j a ji-o V CljLllaJA 
(ji]| (jjjjil ^Ja-uJl £3 ja (_^-Э U_fl! jVl£ УУЛа*! Viaj (jjjj]l j-oxJl jli 4 ^Jj!j Cjj] (j- 0 
J-ujJlxJl 4__fljJa Л1С. AxjuiLfl .iVj (jj^j-Ll ^LxjuJI jjj A-/4 J jjlail ^LjjL 4.* luVn 

:Aj11j]I Я]л1ха]| ^Jj AJajjuJ AjjuiAiA AjLoC. (jCjj La j .(Я_ 1 ЛЛхЛ 4 Viq'l) 

DOF = +0.5MNA) 2 = ±k 2 X/(NA) 2 (5.1) 


• 0.5 (jc* C ‘q\'Vj (jl (j^AJj ^LjjjV k2 (J-oLxS! Cj-lV ^aJJ 4 ViijjJaj]! Via.L]| j)A 

£JJJ ^ilJJ AjCCxJI A Viq\l j ^_a. ja]1 (JjJaiL (DOF) (jjjj' (j-oxJl -Ljj (jji 4сЛ]с £a 
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^»Lc ^llja.) 250 nm *iic. CMOS — S! iiLii ^^ic JUa^j .ajLcl л Заи*п\1 aJjLxaJI 

248 Aic DUV Sb ft^LjaJ ^-o Ualjc jjUI! jLai) ^ t(64 jAjliliij л^-с ^i — 1997 

Uil .300 nm Jl ja. ^ jUj (jjjj jac Jl CjJ ^UJI t0.6 Jl j^ 4 jj-ic j nm 

oilc) jiaj*Ij]| jLa_A JJC JLaJI |ЛД Aic. Д -iJa-uiAj AjjJjoia й jj£ j]| jj^i jl cJ]b Jli'l 

aj^ jJI Jl jLVI (J £*j .'V c_±*_ua l-JLla ja j ;(25 mm x 25 mm J! j^ 

^ u-o'i ^IjJjujV! CjLAlaliA jl V] <-Л и>]ЛХ1 <j\jjjuj! j3jJ JJ^V! 4 jJ.1x]! ClilaLkllj jj^a^V! 

. Ai3LuflJ Ajjoili 


^Э й JjjjLia 4 jj£jj]Ij t jjajxj]! AcjaU 6 Lil jC. jjj]]l 6 JjjJjuj dlUajujjA JJjJ 

UjjSj jl j£-ajj c^jilaUI (Linewidth) ЗаШ jjajc.j UaljcjjU]! s jjx-all <jc.jj 
(Exposure j£jU! L>aj*j3 ! ^jjUj aj^UI! cj° CJJ^J • S-V^» a AijjJaJ 

^! AiLjaVLj .4 j l_j jc. jaI! ^_а1а]| -ч \ Jcja. jjJaalj jj£jj Jjaa! focus) 

^caJ j£] JajlaaJ! jjajC. (JjjUSj 4CjaJ!j jj£jj]l (JaVi iJ.laj j^AJ ttj]]J 

jj£j ^LJl ljIuUS J! ijj 0-ал 4j! j Яс jaJ! j jj^jjl! jjj (Combination) 

. (<1 aWiaII dlljlUl il0% Sjlc.) Ал. lL-aJ J jld! j\ g ~ч\1 Jj^.ja-uia]I lIjI JJJt'JI j-o-ua 
OJjjJjuj" J Ljba.! Llilij-a! ja]I jAjJa ^-qLLa]! 0 jjj (jU! <UjA±AaI! z ja. ^AuJj 

.^лУьиа'! cjjjJ! (jA*]! j£aj tAijjJall олд ^j (Process window) "l*]UUJ! 

JaaJ! jjajC. j cAjuLaa]! o jLa]| jj\jj 1 g iai^i ja djUajuijA оЛС ^Jc tU]j Aajxjj 

.(jji.! Ja! jcj ca^LjJaV! jJx-aA (Coherence) iaj! jjj л v\q\l j tL_jj\)aA\l 


(j j-uaJI LUL-uVI USl jp jjJ (_ji 4 JU^VI cjUUj .^. 3.1 

Resolution enhancement technologies in optical projection 
lithography 

L^i! ^lc. Ua! jc. jjjII! ULiiujl j j^ Jc. Luha LUjj-ajj jjUa! l_j]\Jl]! ^i ^jj 

Ua! jo jUL! £ ! j ^jAaj jxUU 4_j! jjc. . i jj*UI Ja ^ciU]! ^ajU jjLW Aj jUaa 


ijUlujV! jJjuiaj ijLij jJC. iJaSLui]! jjJal] j-d! jjia]! jc jj^n (JSj lIiUjC ^ jaa 


^jLJ! cillj jA -ipxl! tSlU^i .(Resolution Enhancement Technology RET) 
j! 4.1 iLLxUI ^э Lj l)aLxa]] ilLxill <ajU! jiajiaj ^J! LujLuj! l ogj \ g ia LK j£]j 

UxaJ jUaV ! jiaxj j c A nuiVW jUaV ! jjaxj) 5 . 1 aULxa]! ^Э ]^2 ц^Э jjj\j]I 
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1 JJ*AA j-lJJ Ll^l ^aliaJ j)A £. ja. (jl ^ij Liij RR T 11 4 Q) ‘u«'-i*l Cfi A )J «(IjauI 

. (jiajj*nll alU jl 4^1_jill tAjuLxLAll ojLUl l Ц!1л 

.<xjL<la11 oJIaII с-1л 1 jj uaVi RET 11 ojxjjLia ^jjJall jj£1 (J.1^1 

jA <xjLaa11 d jLoll ^ic- Ajtiljll Sjjw-ill SAjoi jj-ojJaj jjfL t JjJ*\11j o Jj.Wa11 jjj-all 

S j jj-all Сул j jxaII £. jail ^ jTi*u A_ixul ClllK 1 jj 4_j 1 ^ j», 1 1 La j . -1^.1 j j)A Цз! Lii*3 

iiaJjun <jjoij l_gi jjfL jl j^AJ j£lj 4 aj*a C* Ujl 1_£пЭ <а!1д_а 11 j ja-VU 4% 100 

djli AjuLaa oJLa ^ic. aAuill Lia'i j)A ^ jjll l^J 4 y jVil . 4 я LaLuill jlaLjAll ^ jLaiu j)A 

S jjj^all ^Э oAjjj ^gjjl 1-aVn ^al ILj 4 1 л з^ча jjfL jl j)^AJ (1 2.1 (i^-uil jlall) (Jlc. jjLil 
aL^j .(Clearing dose) i Qjhvill Яс. jjJ ajjLaaII j (j j^ill SAiJl j Яс. jaJl 

<*jl_AA oJIaI J-iA n ^ g'Vn jl Jaia i_*jJaljJA jjAjJaJ oJjjj £a Djjj-al j^-AJ 4 <ajjiall 

^Э (JaI£ J<1 x'j \ 4 д1а'зА <*jl-AAll oJIaII u-aj jl ^jaj ILAj . jJAjJaj 100% £a Д -iJjjJa 
^ic. (J jx-a^ll cillil .4_аЛЛ_а11 jJaLiAll ^Э AJjVl 1 g ‘1<1Lajjj ^ic. (^4 -* J 4_Jaj*All jlaLiAll 
cJjli A_ilj jjj^j (Ja.V lW S jjj-a jjAjJaj ^ic. (Jjj-aail з!)а'п 4(Jlc. AjuIaa 'oJLa jjLii 
Uj uia jjjLi l-$i) kj 1 iiLtill 4 A jll (JjjaIa (J^Jjjj (jiajian j)^AJ ciiljjj . (JaK jjAjJaj 

l^i ^_ii-a ^Э ^Ajujjl <1 аК'1а 11 Jlil jljll <cl_jj-a ^^Э oj^all oJA (Ji^itJjui ^aJ . (lc^ (^ 

^i j j*Ail ^a^jLaII jA (JjJa^l (J^jaJ (Ja* jl (JjAj j£i j 4 jaII (J jlail 4 . ‘U-Vl Lnjjj 
jjAjJajil Jlijjl Ail J jV 4 jjjJal (J^Jjj <JjJa jaII ^п<Ла11п <j jILo ( j jJjuj jjl jjil cJjLil jK) 

^aXUI jKI ^ j j^JL ijja^ll (Modulation Transfer Function) (MTF) 

. 4 qj'Kll ^caXUI 1 g 'за ^ijjxAll 

^aiajuil jJjj-ajll ^jjJail <*jl-AAil *аЛ 1 -Л jjc. RET J (jj^l iJjjia 

Ajc. iai^ ojjj-ail jj£j ajjjnju) (jl jaII 4 аЗ^М jl) л! jaII оЛА ^^Э .<* 1 Laa 11 оЛШ 1 

4 -^llg'u J 4 ^ijjuJ jll O-l^J .l^jjLkj (jklj (J'jUj АлЛ1-Аа11 оЛ1а11 ^iajuJ j)A JjJjujll 4 J jilL jl 

- 1 а^Э < 1 а \(. ja. l£jli AjuIaaII SjIaII jAjJa (JjjUl (jA*ll j)C. ^aLlll 1 1 аЧ 11 (JaK j)A $. ja. 
ic-Lllall с- 1 л! ^^Э AjjAlia djl Utu Vl ^ij iiili (jJjj jl j^AJ .Ojjjnjuil C-l j ^.1 Anill 1 jil jJa 

1 ЛД . (j^, jlil iaAjll Jlijjl ^il i_alail Aijjiall a -Igi Да 1*11 4_nLuil jl V] • j-jl 3 *ujV 1 j 
jl^ail AaiLtA Ajc. AJLjJl ь jlaail ^^Э *оЛ1с. <*1 Laa11 оЛ\аВ А£1аа21 С1з 1 iLa'iA ^ jlajj 

jj£j AjuIaa dJLa ^laJjLa 4 . llla'Vl 4jnl j j jjjuil ^la* a jlj . ^IjjVI ^jjll jl j'ljA nlK 
JJC. ^iajuil ^il 4 ‘‘з 1 а"\ ^jill 6 jjj-all (Jijjj liiJijj 4 jjj^jLoil j)A 1 Ag a 1 $. ja. 1 g 'KL ajuj 
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o jlv^ll dJa .АаЛ-х-л]! ^э A_ill!i]l s jJa^ll Jjs 1 g"i Vi ScIa]! a^Lauu 

jJjx-aill ^jjj ^JJ tL_jl±ujVl O^^J . JaVl! (jajC. ^ П,)аЧ1 J tL_l JJC* J 4A_ial_jJaJ Clll .\jq»"l 


.£_liuali]l ^^Э £-^j1j (J^ ^аЗаиЛ 


I jjjj3 j-ojJa a^lc. Jllj £ilj .^L£]l (_^Jc* J* j!a*4 RE T jjx-a j)A JjJ*J 1 (jl 

jaV 1 t^LS]l JJC. jLill JjJall jjia (_ 5 -Э CjjjL.lxij ^1 аЛа]1 Д амЛ* 1& ^Э ClljL-lxi 

Jjxj (J£juJ 1 jjjai^i lc . jjjoi jj^VI ^ jjJl .(Lxa jjliVI 0-°«^ jl) Ac.l_uiil Л AjjjiilLi 

.(Optical Proximity Correction) 2 (OPC) lsj^' jfc J) 

aVUJI jiaxj ^^Э J jiaJL oC j.W а\1 Д -jl ijxiiVI £ jLi-o jiaxj A_ia. jJ ^^Э AaI Л V u*il j}^Al 

ClVh ^аЛа]] jl A (1-D) JajaiiVI (J^ Л‘)11 juuai . (AjJaiV<i]! i^Lui]l SjjjJjuj jy j) 

AJjjx -й Loj Lg_ij£ ^Jc. I^Lliol dlLmbS S-ixi ^x-ilai Lg_i!j cAq\"v4A (АТТҒ) jJAjJaj Jliii! 

jc. jjajjxlil! ^liij .(fij^l j]l LjLa ‘Lpty A k) i*s JaLaiLi LaJj t ( j jlui jil jlill CjjL! ji 6 (j!) 
fijjj-a]l j^L c" П*ч ) Ja-oi]! "^* jxj" ^^£1 ^LS]I ^^^Jc. ^-AjLJI ^jjJli Jjjxill tAJaLml (J£j tiiL 
Jaou]! AiL£ (Ja*4,a j}C. jLi]l jiaxj cAa-iau-a ^-a^LLI dlLujLi ja~u £a Ac jiLia]! A_ijl^_i]| 

jjkill jA ^Lil! fj jLuiJI jl .(Optical proximity (jj^J! ^jLj]!) ^^LuaII 
jwle jl (Serifs) "ajLLI!" SjJ u-a Jaj]ak AiluJaL ^ii (2D) (Sophistication) 

j-o i__Jji]L ЯЛ,х>»а 11 aJui]l (Jj-oj . J jjaJI AJa-utl ji CIjIxjja]! Lljj jJj^J jiaJjxj] Ai^L-a! 
A^-iLola JJ^I 4iiLg_i]! ь jjx-all ^Э ^uu>La] 1 (Jxia ^j j tocLa. L! j j]l (Jx_a ^j ^laIa]! L! jj 
.<x_iijU A qKj'l j С1л\л jxjll j-o jjjAll AiL-aj <ajj]a]l o J a ^jjLula j)A .^LaJl ^_аЛа] 

^aua ^Jj ^u-alj (J£cil c__fll_uaj jl AiLua-a]l (<lLL]|) ojJx_ua]l JajlaaJl ^аЛа] ^}£а1 

4 Д _11 j jj^]^/ | -LojaJl ^Llai] jj^A^l ^Lill jjjii (j-°j]j t^LiiJI t flJuajj] AjjDaAll CllLLj]! 

jjuajll L_J jLjIL ^ia-uaill CIiIjjjL AiLj ^Vinii t JaV' 4il_gi ^ .l_1jjxJ! AjjLxa jj-A jl j 

^Jajuj ^^э (Jjjuu^La djj/cL x-L a!aI£ J jia. ^^gJc. ^joa ^LLAi (3D) clxjj/l AjjjL]! OPC 

^g-uaiij Jiiijja]! aLfcj . j jJaJI j}A AajL]l ^аЛа]! CllLaLa jC.1 ^ja~ 4 jajjxj] tojjua]! 

.^LSU aJjIa u_flj]l£j с. L/il j Ajxja CljLLuia. <i! jaj 

C-liVj/ Ax_iij/1 ^aloVu J Luajl j^Ai tS jjxall lIiLa j)xa ^Lujjl ^j Ail_uaj/L 
Ax_iil_i l^ulj jLL ^li]! tajjua]' c-1 Л jjJuuali] (Pattem) Ja-<u]! ^Jj jjJa]! Cjjl-Aj]x_A 

Я1_АВ Jc ck ^ I -(Phase Shift Masks PSM) jJJI С Ь>1 
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jjJa ^LjjV jl tJj-lui j^LjjV jl L'jjiall ^LjjV iijCJ 4 Уз^" ьЛ$1 Ajlx^iVl 

4x.l_iLal 4_ual_ail iijjjia]! аЛЛ jJjlaj ^aJ . ^(Lg-C. j"V a ^Jj <Juil) (LevinSOn) jjuiljaj] 
^gic. <a!*_aj iilLi jJaLlA j)A Lj£a ^Li]! -LaJ jjfL (SjlC' .<3 jj£]I CjLVuiA]! j Ja jia VI 
J <i JX>>11 jjia Cn^j Jibia j)JJ 4_аиЭ JjjxJ ^aJJ 4<ijjia]l йЛЛ ^ . ^ljjll 

^LujjV (.JLaa]! ^bj^ll (JI~4 aI1 4 Va JJ*J ;^'1_1д]| ^^^ic. » j»Vl JVuij 1 -аЛ1хЗ .180° 

^Э jjiall ^Ljl! 4 y j\ j (jjkl <alaiA <а1а1л ja AjjLuij ^Lil! j)A ^jLVl <ijjJa]l 

^JaliiiJ (^LujVI ^jja) (Intensity) S-iL]! La'i SjLuiVLj jj»jll ILa ^xicj .^-Li]! 
Jjj-kll Cj-la. (c*J Le jl) *^ c ’ JJ*V1 (j*-i V Lo ^Э .ialij]l jiaxj ^Э jiua]l aAuj]| 

^LlLj ib jjA-oll ^Э oAuil jj-ojJaJ j-o ji-ua]l £a ^_Lalij]l ILa Jjjiu tlg, jc. c__3jIxja]1 
tiijjia]| o^J ^aJJ jl jjJJkj^ j)A jjui Vl (^а1_х] j)^AJ tljjiaj .Ajjl_g_j]l VLjuiVI jjui V 

jj£u V LuijU .VjluiJ a CuL^Luiaj jajia^ jA ^jLgj V (АгГЗ.у) <■ Sual _1а^Э j^]j 

^ijj cii]i ^a j£]j cAjjLuUa CjLV-uiA j iajixk ^xa -LjLgj V C__ijl_3-ua j)A 4 jjW CjIjL 
^al ЛУп J ^aJ c£j ILa .AjLi^ 4 La jV ^LVI jjxiiVj jjLL,"l»'jll jiaxJ £a оЛ^За 0 j£UI 

Aj1ax]I CjLajlkjll ^jALa t_ qj'jV .oJ,Ka CjI 3jiVi ^Э DRAM CjI jIU Aijjia]l йЛД 

^c..il) ^a^LLI cjLLgi jjc. Д_^.1 jxil jj o j -U.I j^ll cjU.LaiAll ^l^jl Aj j j^ cjLjxjua 

Cjl_3jjiaj]l a jjai cAajjj^j .(Aj^LJI jl jlVI Cjli AiaJjVll 4 KLa jLaVl jiaxj 
Ajjja jjiaJ Jl J£jjj Cijj ^£1 Д_с1 jiaA jJC tl^jl j . j j£ja _LaAl jl Ajjja A-ila. ^i LjjJ 

.oLjl AijjuajA]! AjI jj]I CjLjJuiAl jjcLill Aijjia ^LjjuAj CAD ^^gic. 
^aJJ ti^jjjall оЛД ^i j)JC.Li ^lVjui'j PSM 1] A_u!>IaC. jj^VI Aijjia]| 

C^LIL . \gjlc. C-jjlxaA ^jAua'j Лс.1 Jfl £A 6jlL AjI jjII (J jJuia i_c.Lia] ^llj ^LS ^АлУУ 
ILa .jjJal] ^Ljjl JaA j £a CjCa. j)A ^Lill Lia j jJ^j jjaJ jxli jL ^lii ^1лУпи1 ^aJJ 
jja jc. jjiL j)A ljj,\iA 4 j^Aj j tCjLI jjII jjajiaj ^ic- d- 51 *^ ^LilL "c^JjCLil" 

'L. iViaII" ^Lil! ^-Ljl ^aJJ .AjCjiij i_xji! ^bS'juiL оЛЗ 'VI ijiL c. <nV l j)A ji-ua! iajiaa 
CJu^l Ailla Aj! jJ ^^^ic. ^ajli La jj <j!jj]| J jJuia iaAJ jjlL ^JjuiLa. ^aLjj ^al Л VuiL 

PSM ^Li]l iaAJ ^Llj ijjxj ^aJJ . iaA 'il CjLLu ^-i Aj! jjI! ^ia>Ia Cj,w"i cillij ( JJ^ A?) 

• 1'jS.nLAjJjl 


AiLV! CjLaujA ь jC>Cj Ia 1 g jAx>a j)A PSIVI L JJ^VI (Jj! Cj]I j)A CjCxi! lULa 

^laXL! cjca. Jb 180° jjia ^Lji! cii cjU.tuiA ^uCa jj Lua. (Rim shifters) 
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(Pll3.SC jjJa]l jjxu^aM ^a,W'u j c.” п*ч jj]]| djUjj-o ^-dajjj <jl_ilujVl 

ci^Jaj cajlc- L_ix-x^ajj .iaJI JaUjl tillj j modulation) 

.<3jjJa]l oU o jJlLo ^jjJajM CljJjjl 1 g 'iVj cAUjUJI CIjI jlj]l CIjLqI , W'u>i1 

SjLuiI ^cJLla AilijJ Д -jI jj]| fj jlut 4 ^ic Sjj^Sfl AJjVI (ji AijjkJI dlft (Jjjlaj ^j jiJ 
^hVujb 120 nm Jl jJaL 4 j!jj ^J! Ljj-« jjluijjl JJ jjjjL» jjj jj£ja A-la^j 
lU ja^jSj LJU . Lilli 4 jj£^a SjjA-d 3.1 JiUJ! jjjj .248 KrF Liljc jiulil 
^liL (JjLujI 4j (j) <-iAJ 4J-5VI g-«L jjII jV Lil jfcjjjlll 4 j!jj (jlb ujjIuiVI 

. jjJaSI ^LjjV (jlaLL j! Jji^j jk AjSI ,ГГи *n 


(Phase Shift Mask - PSM) jjUI c Ljj| ^Li ^ j* ^l! l^UJI 

^-Л-М! ^jjV! ^-]1 jx*i Vi Lgjl jja. ^э <jl jA AjLluiVl jjj*j Д -jlij jpa Ujjc.j 

^-\Л«М1 g'LSJI Li! jc. jjj ^ic. ^-o^Ull AiL£ j*tiV V l^j! VI tAlic-LIa j^-<u (jiJ! 

V lg 'iV j cCjL! jJ! jL <]jjx-a]l ^-ajLLl 4x.LIa Jjla]l C Ljj| (j jJa ju Vij ^.^^jLlii! 

; (IC)<U\Su4 SjU! *Ь1 t." n^k jpa .JaLftjbU jla4 c. <U-V) AiLui-a]! ^_j-il j-o ju.iV 

j-e jjj ^al 1 g iS\ 4 djl jl л]| <iLLall t-Jblg "ui J Axjj-JI jk 1 MuiVl CljLl jJI jxj-al c'Vni 

^ L-JxLjII cilL (J j .aSISj ^ ftjUI jj-^aLc. ЛЛС. j-a jl <. t 1 Jj>>i jjll AiL£ 
jU Jflj .AjjJaLJI A-l_ila]l CjI jjjoJI ^Aa ^^Ac. 4-LqWa\1 CjIjIjII JxLlx-a jj jJa UajU. 
* jL-s.ll 1- LjViI ^jjVl -l^Jl jj*\ aII ^aUilil pljj ^uljj (J^ x j \ xiljJI Sj£ll]| djLjjJaj] 

A\ ji ^jLujj] 1 jjaxj jj-q jjjLi ^ v^ ^Lj! Ujjajj-uIj 4c jl л]1 jj-aLc. 4iL^] jl 

^aJl UjLujLi jjj-ujj ^aj 4<joiij dji j]l ^ij .Ajj^xJI 4 Viqll j <xjLiA]l SjLJl ^ Uj\ juuVill 

(Microproces sor s) ajjjVaII UjUJLx-LI Яс. j^ UjI ilkiA ALuJ jj ^-J-L] ^jVI 

^Jc. ^a, Vq"lA -lV j (Jj^. ^! J^. <j!jj]I djLuiLi t^alc. (jV'j .ojaLx-o jj£ I ^-V-o CllXjLj 

RR T) 4jLjjujV 1 jjuiV UjLLj] a vii^ SjJa^JI <- d-oi jl 46jUl <iL£ 

.(Resolution Enhancement Technologies - 

.Liljc Jjj]| jjxiiVll oc-LdaVI <-_Jj]Luj1 ^^Jc. djl ijuiVi (JU.j Ldajl ^aJ La£ 

^Э f. jUail JjjV ^jV I J-JJj]l jl A ^JjIj jLx-a£ <jc. jjx-L 1 <j\, i"uuVl jjj^xjj 
. jjt/n i\l i\l A 3au.il jj ajjj -йа]! djLajix-o jij ^ajj J-uiJlx]l ^Э )a'qj\ 1 jl c. t 1~\ 1 ^-Li]! 

aJjU s^L -Ц 6 (Off-axis Illumination OAI) <г jU. uL-bYI ^лУь.;! j 
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. jL-a 4_JJjJt jJjxUJ LiJajl ^aUaJI ^iajujJ Lljl ^jV! ^ j^J! jiLj L>° *^t J -^UU^ 
(jl C. T4J Д-ииЛх]| 4 УтЭ jV <j[yu,yi jU <ac-[jja-<i t 1 Л)а\ 1 С**П*Ч j)-Q C J C^JjL.! ojLxj 
djjl£ t^JjlajJI ^aUaJt 1 jj'iii «^jVI Л jJa-II jiiij (j-o J^.ljj J^J-a 4_JJj]t jjVI ^gUa*J 

c_JjL-uVI 1лА (jli cuJL £aj Л_АаС. .1+ ^Jj 1 — 4_iij j-Q oJiaaII Ял -uiill ^Jaxl 4 Viall 

c aVi4 itti л jj^k II Jxaj jV ^LSJl L»a il 4 _ajIja jj£j jl c j^k i o^LjaVI (jl £Э1 Jj Л j.h<a 

(^LjJI jl ^jiLJ! (JjLojllj 4 n» a os.Llaj JaLojl Cljjilkl UiJj .Aju^VI 4 Lia'iI L_LyLiVl 
JLLIUI JajJaa. «AC.Lj£ alh<a ^-<jLi JU Ji£\jl ciiilj ^ojU! JaLul j-o oAh<a ^ljiV 

.(Gratings) 

C^ nVA'i jl Va-IlxA ^a jaI jillj (RET) <j[iLjVI jJjoi^J <jl£ (jjjlaj Ljajl j£-<iJ 
^-J>L» jjj£j ^xij iVlLaJI олд ^э .100 nm jj.i aJjjxa ^-a^La jLa_iV AjuLaaII ojLJI 
£a Ajjj-ajll Lal jb Jjjll ^al Л VuuL cAJjjx-o JalSj jl JajL>4 cJS x'jj оЛ[с. cAxjLi-LI ojLJI 

.JaaJI ja> ja ^Sfl ^aJI cilL j (RET) — S1 (Combination) (jl 

Jial jl<JI (LjIjaj^ 4 a4x>ia 1I) <*_jLiA]l ojLJl ^JlxJ! jjLjJ j£-oj c jliLJI ^^^1x3 
^ahVu uL Л^ *ч\1 jjaxJ £a 100 ПШ ^l J^ «Aic. JajJaV Ac.Lja PSIVI JjlUt jL'Vlt £-LS 
[c. jj a_J[c. A_ic.L <jjoij AxiLi-LI ojLJI ^-<jLJ jj£j La jac.j .(DUV) 248 nm $■ jj-ia 

ojLJI J^Luui j)A jiaxJ jlUb L^jajoia j[£ IJL . AjjaJ jC. Laa A^La-uj j!i£! [^it (jl tLa 

jl L_al_a. (Isotropic) ^LiIa jjaVJ ^jJaVj jl j^AJ <xil_A-<JI ojLJI ^-<Ла jli cAjuLajJI 

^ЛЛ^,! I^J lij ViaI jlA ojjj-aJ .^a^jLJI jiajC.j ^UjjI j-o (jlSj jl AiLL jja L__Jaj 

(ilE -Axj t jjLail 4 с400 nm A^LujiJ AxiLojJI oJLaII 100 nm jiajC. JajlaVj 

(jnj-u ^ic. 4 60 nm ,^Jj JaaJl jiajC. jiajiajJ (.. ПЛЛУЛ jl j'AjaYJ! 1лА ^al Л Vuul j^-^J 
jj^Lojj . ^^JcVt j-aj JaaJ! jA jA 20 Пт (jL^ jWJ^ 3 0° ^JUxJ! 
ЛЛаАо ( jLa.V! jiaxj .380 nm 4 £LuoiJj 60 nm jiajxj VViLJ! JajiaaJ! 
dii[£ I Jli . lujAiolJ! J_JLl3 j ла j-o jj-jail <xjl_A-<J! o jLJ! ^^э 4 jyLll С1з! ^I_^_^.V I 

^Jc. oJAj . jJxlJ! j! jijiJ! ^аЛС U-^aV! [gJ i . \u j j! j^AJ Ujjjfb ^J-Iula JajJaaJ! 

Jj^aJI j-o ^xj! ^j Ajjj-aiil LiljC. jiLiUI «IiAaj] 4 Jajmjj JJLx3 JijjJa ttiiiJ j-o ^aCjJI 

J_ii[£-<ij jA ^gX-i jj_*aJI l_JjLujV! Ua ^Э Vixjjj jl! J_ijxj-ai! jj . 4 '^aaII j 1 g j\c L_flj[xLJ! 

^Jc. u" lA^Wlt JlijUl j^l CL-JJAiolJ! J-A ji! jJL J JaWJI Лл1аС. ^Ludllul! O^lcjj «lia.ji 
.AjjjLJ! 6 j^-^VI j* Lu*n ojji_L-a л!лс! Яс.1_1х-а ^j t AjWJI cliLlijiaJI ^Xumt j сЗ^^ 
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jjJall jloai! 




M 



JjflSfl iaejll JjJju jjj . PSM ^jJjjjl jjiajl jUaJI 4jlii (I) 3.1 JSjjJI 

Aajjj IajJj Uaja jjJai! ,»*ljjj| ^Uii ."иаЛд—л" pUi j .jjJa f Ljjl pUi fUUV 

(Micrograph) ^jjiUAjl jjji<Vill (i_j) ,4jSj 1U1 ^-aiLUI jjJjLUI ^UiSI JJajj (jia jxjjj 
Ja A&j jjaj 120 nm UiUIjj Ja DSP 4jjljj jj (SEM ) AjjjjjiWI ^jjaI! jALaa 4Ja*j|jj 
^jljaSfl (jjUill jlS . PSM ^jJjaJI ^Uil! jjja ^Uji! uiij j 248 nm DUV Uil jfc jjU 

250. nm Ajljjjj 
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2 а jW' л\\ 4 j -ч , „a'jt' AjLuiVb Ьа1 jbjiiiJl j.3.1 


Extreme ultraviolet lithography (EUV) 


Extreme ) 5ijklall A^^JiJI jja Ял-ЗДЬ liljt JiJll Ьлал11 > 

Jl jkL ЯЬ>а11 Ual jc. jbll bjiol > (Ultraviolet Lithography-EUV 

(soft X- Ajjlll Ajjjull aju !^ I i. у.Ь jjuJa > ( 14 nm -10 nm) Ij». Sju^ Ял^. 
JjJ Я^ Jl jkV AjAJiil! <й i jjjal l balji jjjlll aia^j jl J ray spectrum) 
Ail LaS . jbjiiVI j— эЬс. > (jal^LoYI u-jjjjij aJIUI Jloj (157 nm) Excimer 

bj. jJ ajjj£ -b^JC. 1 ~~ 'I ^' a Auj^lxll Ujjujajll A-Jiij'yl cbjj ^aJju uaJ I L-Jxj л !1 

jj9 baljC-jpjlll aj£a jl .'Ал1 . >.VI jAj-jiaI ^ja. jaII jjkll jj2 jl 1 jjc Acljalb ^juaii 
jljkl ' У- <jji£lxll 4 jjxuajll 4 j Ь 'V-l \ a jja ksi Я_ 1 ЛЛС. Д Vi3 ^а!л VnJj Aijla* iaII 4j^u.iull 

£-0 a jjxa-VI Я^ЛЛжЛ Л Viql' jjj Aj^IjjII jl .ajllll jbtjl j* jj''iV Ць-^' 4-1^. j-a 

-iVj dlS j ^З ^ucL^n (LgJC-LJa (jji-<J! ^i-<n)L<i]! CllLujljij <jjLLoj ajj*_x-a]l <j^.ja]| (Jl j]aV' 


^.^uiqull (jji ^Uail] j^-u 4 JIUI Jjfui сз^" • (j-ac- j Ajliluil jlaJ 

100 nm AililJ Jl ^jjj jl 0.1 ajj^ <jidij 14 nm ^ja JjL ^ ^jliLJI 

^к"н>п .(^-ilc. J&J ‘0.7 Jlj^. kl L W-C. jjaljjal ^glc.) jjjfLi-a 1 UJJ^ L "y^J 


аЛЛхл-о Ulj-Q (EUV) AijlaJA]' 4_i^ujiiJ! (jj3 Ajjx-;aj]| LIja]I A_ui£Ix]I jj-ali*JI 
jj£jj .14 nm ^jc. / 70 L>* L_ijij U Jjuai A_iuil£xj| ^LiiV (Bmgg) d lUjlill 
^иЛ ul j-o t(JUA]l (JffuJ LS^") l' ja (jA (80 ^) ^JjLiIa adpC. dllijla ja LIj-UI 

^JI A_ljjJ Aljla (J£ Ajc. jLAjVI (JaLla aLa^Ija]' ^аЛС. L_lJjuijjj .(Sl jjfilliuij ]VIO 

a£Lq-uiJ 4,я n-aA djlqilall djjl£ lil LaI .AijlaJ-a]l A_iauuiijj]l (jji Uaj^jU (. Q 1» x-o (jjl^xil 

LiiL-a Luil£*jl 1 ) поа AijlaJ-d! 4_iauu^jj]l (jji i-AjV^LI e.Ljj (jkldj (Jx-a*4j C<^_iau-a Л m a 

jA (. Д j1i'‘ia 1I ^_auu^_n]l (jji ^alla lll ^^3 ^-Liillj .(jJXA -iVj ^_^_^.ja (Jjla -lic. l*^) 4ji 

^Ic. ^ajli]! j,*n-aAll ^аЛУп j . djLaJal! ЛЛлИа (j-o ^ jj]l jjaj ^аЛУп JJ (ju£ lc. Ldajl 

ajjAua й jllaC.j ^xi (_^l]l ^lii]! ^^lc. £.jUa]l Jali-ujj ^_^]j (^i-a! jp]| ^ Jjuia]|) jj jij jVjuiII j! 

(jjajiVl (J-olc. Ll! J-U! j-o ^aUai Л li**il jJ AjuLaa]! S-iLUlj Л JlaAll <ilij]l ^^lc. 

^i cjLjjlii 2 _a IjIja ^jjj^J! UJijSf! L_iliajj .a*jjI ajlUL (Reduction Factor) 
a!j-d! (J^jui jjfU jl (5-^4 IIAj «S-LgjVlj (jSxallj (jlxJJ Laj 3 (JjJ-A (jjuiJ ^] (JIWJI 
^J! (Jx-aj LjVLaJI (jjaxj ^З j i^j j'n^ VLJ ^^3 djLL-al j-d! .LaC-Ij Lg_aJa_ujj 
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JA\j 4e.jUa]lj 4£1 ja] 1 ^^Э <j.la. CliL.laj (J^ j'n La-q 4^ajjjjaiajVl jj^ (jl-o 

jl Ajjbtll (jjfLiLuJI (j-o 4ijLij ^^Jc. dlla±)a]l ЛЛ*1-о $.jUa t_JJjaijJ (jjjja jc. 4л1Э^1 ^juAi 
jj£l .^LiSl (JL-o^V 1 £П д чЛ < а'1 ^J (j-c j с4_х-а!_д A qj]-a l_L1ujjj ^jj ^aJ . 4_aJa-ui-o (J j^.1 6 jj£j (jl 
JJC. CjlajJa]! бЛ1*л-о Cljl<ijLLa jjj£liJ 4ijlai.o\l 4_i^uuiiii]l (jji AjuS^ Aj-la. ^ jIA-q\1 

30) c" ll ^JUl ^ЛлИл ^Э 1.1^. o jj» ks-j L_J jJC. 1 j^k. j £-<* . C_J jJC. jj jj jlc. ^Ua 

.(Jjli jll ^ic. L^jS L_J jC.J-0 JJC. ^L-ojL-Q <C.LlLa /iJ jl j^-QJ 4^ jJJxuJi-jl 


j Ja]I ^ala* -q (Jj 3 (j-o fijij EUV Aijiajxtll A_i^joiijj]l (jji AjtJuVI (j-aL-ali-ol ^aJJ 

j j-o]l djLiila ^ic. l_l^.jjjj .50 nm j 20 nm jjj SiLc. cl-ia. (jjjja (jLLaj Aic. 

.1^1 J (j-0 L_Jjij Lo 1 g 'i^L-QjuJ (jj£j (jl <Lol£j-o]l lIIjI jl _l]l 4иа-11л-о AjIaC. ^Э -UjjUl Лл_31_а-о]| 


j jJgj-oll 


(j jj]\j jj jx-alil] Aij jla (j-o Lc. jj jiS j 4.^ iLa'n JLilLj . j j j£j-q 


^ jlaJj cAjuLa-l]! ojLo]l (j-o й jJJkj A^J-q-uj djLlila] A_i]LaJ! <jujjL«ia]I jc. I jjj£ tli]i L U'i4j 

.UjLuJ ^_Utf3J Lo£ djlj.Wnll (j-0 j/iSll L*i]j 

Aujjiil A.j liuUI AjuiSfb Lil jPjlilfl ._ft 3.1 


X-ray proximity lithography 


4_i]LtS! Яз1_У! X-ray proximity ^jjjill Я/п, U l <^_LVL AcLUall ^лУип 

Д-С.1,)1а11 ^Э Jjj^J! Lg-uajii <_5^]1 J-jl У'и,У1 Ijj^. ^gic. 4, t J» 'il 4_ijjj_ki]l <*_ioij/l LljLj jJ jil 
^jt_ijjj]l j^Jl j-o L_jjuiLjjj Liil jc. jjJII ^-ojLo <j\jj-uil (jli 4 1.1 aJjLxaII Иэ jj .^UjjiSI 
(J^J! (j-o .A^lijSlj ^Lill jjj o j->qll j A-La^Luil <*_uojU ^ j-ol! (JjJaSl L_JjjJa (Jj-aLaJ 

Cjlj^Bj EcV !L Ajjun Ял_и11 AiUa £-о 100 nm (jUaj ^Э лЛ yui ^lc. (Jj-u<a^»]! 

(jl AjjjuUI ЛлиЛП jjL-a-o! (j^-oJj . Ig jJaLuii ^Э AjI^. JjLii]| оЛА jj .(jjj£j-o!l (jiLiii 

(Electron cijLj jj&ll cjLjjijj^ijui jl (juLa_j]l (j-o t- оЛ^ \ Д L uiH <-o!ajl (jj^J 

.(cjLialjjl j) cjliijj] Synchrotrons) 


CjjLajjJajJ! ^ 2 _uj 1 j (jLJaj Jc LnJJ <jjjjuJl J-xLuL/l Liil jC-jJj] (jL (U 
(j'x'jj . Li3l jc. jjUll &jgJ L-iLax-jU jjj-o e-EV cCjCc. <S 1 o! j-o ^jll ^Ic. tA-i^jSjiS'S'l 

.^LilL AjjjuJl J-stLuL/l La! jc jjjIJ Ajjujjj]! LL-JaUl 
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Ij U*n jjaii. 1л (jji ЛЛС (ji ^LulXJ ojlc. A_lllialll Ял -ujVI LiljCjJj] Ajlj 3| (j£-ulJ 

Clilj AjjjjuJl AjtuoLjU ^j-saLo j| j-oj c jjfLiluJlS ^L^JajuiA 4_iic Jala^Ji Л$ ~ч11 j>i* J jAjJa) 

(Blanks) ajjLlII <jlj3L/I ^juAi .^jlLmll .ijjijj j! l_ja11! JLq jjj£ ллс 

SJjS jll aJ! j! ^jj ^aj Га J jSjS jjSjLU! (j-o Aiiliij ^Jc *и-а!-<Л dilajIUIj ^LujtJl Lmjoijij 
AJjLla <aj jlaj -Laj-ojj]! С1з! £ jaJ ^laj j . 1 g'i'yWi л! j-UI 4 aliijft]! ^э Ала1к]! 4 g •nI! (jljAVn 
j-o Д-а j^. 4 Lau.il jJ LajIj ^aJJ -laJAJj]! j! 1лс La Д -iJ jx>>ll Ял1ЗД! ^Э c." 1 аЛ Vuji! ^jiil t ,Л\\\ 
j! cljjj-m l-jjxS! Д_1з1л_а jjSii j! j^Aj . lUL^JI jjaV'JIj IijaVJI ^jjj tdiljjjiS3V! 
Д_а j^. ^l л VuJj l_j jj*JI ^■^L-aj jLmj ^jj .ciiLijjiSJV! jj-o J_Aj^ ^^^Jc ^ ji.^ jjSj j^ 
oLa ^i) Ion-induced cimiluiA - ^jjjl ijui jii j! AjjjCojllj ДЛ j^U SjSjA ciiljjj! 

Li3l (jlA jjjLA L_LluJ JJ ^aJJ ЯЗиЛ 


SjlAJ £JAJJ V C 5 - 6- 3 ^JLUljj • lx J-cLlla Д -ilaj AjjjuJ! 4 j*_uiV! Ьэ! JC. jiil jl 
jA Ljxua j!iSV! mijUJ j]j .Jx.!_ila]l s-LjjI C_JJx]!j ^laIa]! jjjLi j)-Q (JS jCaja^li 

.^-Lial! Д-с1 u-o jA tlx Aijjia jl j! nuill ^juoiVI LiljCjJjl 4)\^\W 4_mlj31 
4 Liijali tL_JJx]! JjjL^ j ; IvnII jiajC Cli! jJxij с^аЗаЗ! CliLax -а! j-dl Ja~n jjj 

Лс1 'u^a clljl£ . j jaj'sMl jjlaj Д-с1,))а]| ДЛ_^. ^^Э AJjI ЗоаИ LjLiual ja3! j)A jiu-a! Cli! ja 
jL^-A ^э Ajjjjui]! Ял -uiV! Ьэ! jc jjj] ^э Cj.w aII ^I-Wuj. jU ^ um j3l l_jjjui]! ^Liail 

.<L-aLL<U! LglLaLuJ .Jl <j-uii Llijm]! lIj! jilmA ^ 3 i и *1 L^jS3j i jiix-aj]! 

Electron beam lithography AJjjjStyl LejaJI Ual jc-jlJ .4.1 

j-LiiV AujjjiSiV! ^aj^Jl 4 iau.il jJ Д -cl )iall <ajjia Д -Ljia 6 jjai t." 1 a, W"u*il cU 

(JA . Д -ii j jiS3V 1 ^luia]! jAL^-a3 q jjia"iAll <jLa!i]l ^ ic LuiLujI AaLu j C6jJXj-a ^-<Л-а 

Aijii! jA jjjS 3I cULiA" jl jixJ c"n.W Lgja .1 ji3l ^xi ojSa31 ьЛ$1 ^J jVl Clil jUiyi (_£-l^.j 

^ 4_jjljjja]| AjSjjaVI a_i*_a^J1 j-LaI^. 1 jUiili ^j CjLoijjj <аЛЭ (jJ3! L'^la3! 

. ; (jjU]l Д -ilaj jc ^U-a^j jjl A-il ^Jc <j л$ JVu j Lo IjjiiSj 1959 jiAjajj/^JjL/l jjjlS 

(jjlj ^Jc Дт1*-а jA LUjjSa (j-ai jLkjlj jj^-uJI AjC^j jLojjli jUua! i C‘ n.wll !1д ^^Э 
jjuu (jSaj <il (j^-Sj cU . (^a1a31 -ч (jA 1 00 nm j* l_j jaj La uiii (J л\л_^ jj jjc 
jj£j Lajj <j!ij]! оЛЛ j! (Ja jC^. Ai! jA ^C jil ^Jc i4 a^aII aj^J AjjjjiSiV! jAl •> а11 

. ( (Jc1jja]I jallJlj ^LUaall 4 к! LjljjjLi in»i 1.1^. Vji 
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4-»ja. Ufll j&jjjL SjjilxU) Af-Ukil Л. 4.1 

Direct write electron beam lithography 

(Direct DWEB Cjlijjj^fil AAjja. Еэ! jc. oliL *jjcLjA]l Дх. 1 aiai] j^ ^cil 
ajj jjjilVI ^aUI jaLaa ijjiliA ц-илУиЛ Write Electron Beam Lithography) 
jW aLlJjj ^jCIL U iA^bkil (Scanning Electron Microscopes SEMs) 
. CjIa jIxaII Дал J j'j Л ‘‘ S ‘ ^ ^ajLa] Flying spot ajjliaJA A xflj Ч lajjjl jj jl jjjjja^ 
djl jjja. U l (SEMs) Uj jj!i£]'VI ^jaaII jaUa jA jjj*JI Jjj*j jji t^jjil j 

nm) 'jjJAjAj]! AajUI A -rtlV-VI йЛД _лУ. .A a£jl]I аЛ^] ^jjIj jUaj ^jc . " . ..л ал*. . nl j 
• Clli j jlUjU A .1.1 iaj. Ajlj'laa йЛ1а jjaJjAj] jjjaUI <ji]l (ul] Л AjUji Ia jl 10 

(Gaussian ajjajIc. aaj^. a а)у) l^il ^jc a AkiSn олл Jl jla^-Sn jj*Aj jLl jj 

•Profile AjjjjjilV' aajUI sIaja. saJ l-uaij сИл j tbeam systems) 


^CJUbo]! ~y -a 

(SEM) 


l\, 

(Gaussian) 


. JjILa j.U DWEB UUA ,аКЛ. Aajaj .AalujIc 4_a ja. 4.1 JSjaJI 

jAja3a] j^Aj caJLUI лла .4. 1 j^ ."II Л Ia~.II |л^] ^ Wa~.II ^jaj]I j^ L. 
a a-nj jl Filament -lajji. j« (jjlj^jj^S LjLAfil a -^ iij jj\j jl CiLijj!i£]'yi 
jA aLaCjJ CjL jjiLijl .(Field Emission Tip) <_р jjj£ 1I jU jl JLuaJI CjIacL'I 

^jjijIc. j£c jj Lujaj jl jj LLa л ^_a aaLj j£c ^_lc ULiCjj Iaj j£ ji \ jC_ua]I 


L 
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л -iaj ^ji]!j jIjj]! j-* -^j ^ji]!) ^ УШ j yu jJVIx-a]! cjLui-id! j>A а!хЛхл jjU. j>A 

С 1 з 1 а 1 л j \ j j AjjIjjuj j j^£ CjL^ j] Ix^ijl 4 a)ViL / \ ^.iViuii . ( УАцаЛхР AjC^xJI CjI V q\l 

j^Aj) ^a jaJ! L_S jaJ ^ uijlaLix-A L_fll ja_i! 


ULiijU! 


j] Ljajl 


>.h Uii i 


L_alajV (j j ji£]V I л jac jAl^l O^a. I j <ijU ^IjivU ^jj ^Iajac. .(Astigmatism) 

djlijLa j! AjjIj AijLa. ^1лУи J ^jj Lmj 4 Ajjoj11a]! cjlijV! ^ Д_л jaJ! j>ijj n j Jjxjujjj 
jl jja. 4 jljJ-o )оа'п Д -AjaJ! ^ила ^aJJ tJajajV! ■ jaVJI (J!>La. . 4 m II jc. Д -AjaJI ^uuia) 

(Bitmap 4 jL>a \ Ъ jju-a) A_ijLn]! сЛЛ -чЛа 11 laij \_^_аэ jjj Д-а jaJ! Jxjoj 4 *>ij>aII Д_а jaJ! 
^ji]! jjj jaUI jL^a. Дх. ja^-a jjj£ ла. ^Jj <jjuj) AxjLaa]! SjLaII ^э j jjj-U! ^■Lii! jjlc.V 
^_uia jj-ajij .(Sjjjua g.U-ic.V Ajjjiuiall "cjjLui£j]l" ^_ulaj clAi jjiUV! j-« Д -ej^. l) x >^ 
i t \uuj (1000 nm ^! 100 nm j-«) s j j» ^ djliLuba ljc. <т , 11 djLijjjU^! J_Aja 
JaI£ ajLjU tdlb] .c_flljjdV! ciVL^ ^jJ! ciU jjJjJ! j (Aberrations) £_ jjjJ! 

dlllA . \jj jjiU! l^3j^.j \Уп1£-1а 4 jjxll dLjaJ jjj L <ijl Jj ^лУии! ^aJJ i-LaUj! £_a 4 n»,ll 
AjLxj]! 4 aLi'iVI jiaxJ ^аЛ VuVij . di]j jjqVil l" 1 аЛУ uil ^ji]! dll J -аЗ-аЧ aII j>A AlLxJ! 
(JjJjLLa ^Jaju)! jJ (JjLLa]!) 4 'n* \l ^xijA ^э LkU! ^Jj IjLiIui! Д -AjU! ciAijLU Ajc.La.jjjujV! 

"4 Laj4 a!I j" Ax_uj!j J_V_ula ^^lc. a£jujLa1a -1з1-<п! ^■LiiV d]]Jj ((_^ j*-^ Al (J^IU! 

.Ajjji]! <a jVI c__a! jaj! ciVU-a 4 >jVi jiaxj ^A "Stitched" 

CliLujjx]! Дпэ! jC. jjjU! <Lc.LiLa]| 4 aLi'i! ^ AjjjjjUV! ClAjjj-ajll ^лУи*п 
^l^ll! jAaU! ^^э jjjjujLujVI j jaa Luia]! .CjLjjjjiiyi Д -Aja. jj£ dn j jj£ji] Ajjujj^11x_a]! 

Demagnification jj» ^-VJI SiU. ^лУУп) JUil! j-l^iaI! Sjjj-a Silc. <AjUl 

<aiU-A jjj ^j (jJjj <a jU! AiUa jLuiii!) ^jjl]! £jj]l J 6 (<_j^VI ЛаЛ UjJXu-all 

t((JjV! ^li-U! Ajjj£) ^-uiLj^JI £jj]lj ;( j^u-iaII (jA AiUal! £^jjJ j-Q c- j^. (JU 

'ajlc. jlajiajj . ( clli j jiUV I jjj (JjIiIa]! ^bj^ll jiLjjl!) c-Ldaa]! 4 cli! jliLij 
jl jjo .(Quadrature) ^ji ^ 1 jaLjaj d ^xLll <a^ jjAALuiAlb 

ilAj) ^aLuia (J£ VjIxj ja ^ JA> а! ^^xjjjj]! J^aJ! <j! jLi Д -Aja-]] ^э1_иа]| jUa]! 

£jj]l УЛа1х_а (Jjaj . (Д_1 jIxa djljJ-JL оЛ1с. ^ lax'i 1 g j£lj (Ц|па -LaJu-Ulj (jU 

L-Jx-ua]! jA AjV A_JjjJa]l dj\jj-uaj]l ^^Э Vl>LaIx_a]! lilL <jjlaA !.la !jjj£ jj£j jl LS^l 
^xjj]! jjjjj .( jjjljU!) 4_iU_a.j]! CjLujAx]! ^a L^j ^Lial! j^Aj (jSll Cj\ i УАЬ ^Lia]! 

jjjjj 4 ( Дии)ЛхЛ ^aUV\ Д-рЛхЛ 4 Vjqll) UijV! 4 Vi^ ^k ^a 1 (J jj^ a\I ^^_jj]]! 

£a 4 nxll ^^lc. jaiLuill Д -AjaJ! jLij ^LaU Л -ijj La£ . 4 Vq\l 1 ж£а ^x-a Ajui.Vig,\l Jjj]\ 
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(jl ^Jj c-LlaU! CJIjjjIj (Jj-oj (Jl j^LH j)A~4 . (L^Luia]!) 4 Vjqll (JjjL^ £Jja 

JLsll сз^ Exponent (_>jVI Д-а^э .iaj*j cin^. .Д_а j^Jl j\jj SjiaU jjjli £-* ^jjSS 

4 w L‘)l jj£! eiil jjjLj ^g-gjjj j AjjL^j] LajI j ^л> CjLujL/ I j . dAi j jjfUV I i ja*J ^ ui,v^ 'I 

l^jljJjLj jjjjfUj — jjjjfUJ Cj^lc-lij JUUXJ . Jj£! ^aj^. l -l J ljLU (^SJl ^al •> -ч! j) c.l_jJaj]l 
j-o l^-jjS (JJaj c(jIjjII) Sjj^jAl! CjIjjjj£JVI JlC. (^^jjjLuj! j^jJj Д -Aj^J! ^Э 
jill j-ojll j! jLa j t(A_A j^J! CrOSS-OVer £-LiA Jalij 4 jAjj]l Ailj£) jia*j]l 1 g x>i» 1 


. (Д-а j^J! AiUa) j j-a*JI ^^Э L^jjxJjgj 


AjjujI ui^ ^a ^ jIjj a*jLaa]I oiLa]I ^Lujc. jjajjxj] ^ajbU! diaj]l jli 4<jl^j]| 

La ^Jj Д » a"i~n a (J-qI j*AI ftlA jjjJ J « 4, n» II ^^lc. JaiLoil! Д-а j^J! jLj JLuJj olLU! cilL 
(jl! ^al '4*sL A*1 j ^gic (JjJ-ia^J! j^AJ . e-LjaUI LLiIujIj ^aj^J! j-Q j-olVJL L_flj*J 

£a jjjlxjj jl L_LaJj t(fljJt-ua CjLjs) <jJaiVj-o ^aj^, jjIjIjj Alc. Ja^S jjJaal AjLLjLj 

4 <* 1 j]! Jj£-jj j tLijiJL ^juia]! jjljJa ju-oLj .\g » a Lis! j 1 a]| LjjL]! jjaj*j]| viAjl 

jA jl! jjjLIL ^ajij jl tl^jlc. j tl$ilSLL L jjc. j (Overheads) Ljl*J! cjLLtLuV! j 

iVV! (JbLk jA Ac.LLa]| Дх. jjoi] ^ х-аЭ1 j^. jjx-o^kll j^AJ j^] j tic-LLa]] x-oll 

0 jik! j]1 AjjLI! L_lA jl ji]L jl JJJaVL l^jc. I JJ*a) Я.А j^J! j 1 ^ c^iL^-j jLjc-VI jA*j 

jj-AnluJ L_lAj]j^]\j ^Э \ ,g ic. I JJ*a) <*3\_Аа]| fijL]! Aj_uj\ и)*Ч (_ 5 -L L j-uLa ((C/s) 

(nA) JJJa! jj\j]l jUaj ^Э A-lujjlc. ^ja. A aL'iL/ CjI jLull Ja. to^lc- .((С/сш“) 

.(цС/спг) ^^ja\l_1aj]j£jj£jL £jJaJ <*3 \_аа]| 6 jLU! luLujLm'N j ((Js! j!) 

.Д -ilc. LLIujL -LaAJ <LclUal LuIcLuj ojc. jj*jjujj jl 


jjjoiVi] ^^-ufiaLU! jjSM CjLlixJjjj ^Э 4 KuiaII Lo jaJ! 4 a)ViI jJjiaj ^aJ jSl 

^э ^jJa ja jA La£ . n DWEBY luLjjj^JV! Д -Ajaj SjxuLa]! Дс.\ iLII jjc aj^LjV! 

jA jaJ ^aJ C^AjUja fijlc.) jj^jjjj]! 4 jjA-a-Ul jA jLU! ^aJajjJ i4. 1 (J^xSll 


4 L_filjajL/l ^jC* Д -iL. (_^J «LjL (Jj£jjj Д УтЭ (Jbtv jA jjj^aJ ^aJ j-QJ ii-Aji-]] C-ijL 

^^-uj ^А 4 j^AJ .Lfuj jj^ i-aja. jLj ^a (Wafer) Jilijl! ^Jc a*jja Lj^. ^rLij! 

(JjLa j*_ufia! £jJj 4 j*_u<a! Ja jlaV j 4 j*j-al CjLtJ ja \ jj| 4 j jV^II jjj L_fl! jaj^ I j-Q 

vIa j! Lu>i ^ajj) LjjSj LlL 4 j» II ^gJc. jLnl! JiL£ j! .J_Aj^J! lIiIjLj] JSI ^ja^a 
jC ^ jjjj! xuj ojS*A JaLjl JcLUa j^AJ ^JjjjjJa]! oj^-J .((j]]j jC Lliilik! IJ! jjaj*j]| 
JL^ ^ к-аЭ^! jiJ! .((JjVl JlLjjL j!) a jjjS luI*j jaj й jJjSJ! ^la^LU! f. (Ja jjjla 


55 



^-ualj j)JuiVj £_a tl |jA Lajj jA ^DVlll j)A £^jj l-Kg I Аа^лЛ _j\jj 

. ^g-ui jLl)! jLnS! *La j^. 4 a)ViL/ 

ojlc. <_£.ijj Laa Ajj jjJ^iyi Cjbjj^aJI ^ CIjV jllb ^Lal! L>° V tL <j*t)!jU 

4,x>)ViLj <jjl_Lo Л K/lixi <-oj^. 4 xilo'il £-q (^ЛУиЛ) jjlii ^-aIa j*_ua!) Ij^ jj£! Ajlijj-ul 

4_lu]jlc. 4 xil-a'll ^al ,W"uj,L AjjjLjll Lial jL jJjlll ^)a«A (JaC. ^aJJ iC_lJjai]l l^_l .Ajj-ujlc. Д -jj^ 

.Яс. jjJI (Trading resolution) il jIiLq 4 jLiJ£ ^ jLl fiJJ t A KuU A-dj^. c> 
l Vll£j cjj^.) (Custom circuits) Я^ЛлЛ CjIjIJ] ЯК 11 а Я -oj^ Я-< Jvl ^1лУиЛ ^j 

Яд_ 1 з 1 cJ^VI (^ 5 -^) J^^ ~> V dj|j ^ia^aj ^Lja £_jj-^a]j ^(^JaAL jj£l jl jLaJ ^-LjLI 

• (1 ‘4 оЦ^ 

jl AjIL JalLuij J-oj^. A xila 'll <K-ula]| ^a j^JI LiiljL jjj ^-xJajl jlLol jl 
йЛ^ -jj .(Ij!)Lv) 6jj£j-o Jal_Aj| ojIj ^lc. cj-iL^lia cJac. ^jj ^ЯЛ^Л dJa 12.^— sj^. 

La£ .Lc-jjoij J_Ljjui 1 a]I ^1э1_1а]| j!j£l j^aj cej^lJ Ailij ^^Э C(JL1a]! (J JJUI ^^Ac. cJ-Ljia]| 

j£lj (Prototyping) aj]jVI ^JLaiI! Ja^ j jjjJvj]! cILIac. tillJ ^l-ikU j£aj 

.^xuJa! jIa ^Lij! ^a ^(100 nm (j-o jj£!) ^>^11 £j^^ LuV ^.аЛа^ 


ljU jjlilVt Ь11и.Ь Li! jC'jjjIl) . c-j 4.1 

Electron beam projection lithography 


^э .JaLLuiVL <c.Lila]l dAj jjj^SV! J-Aj^. Li!jc.jjjl] ^JLlJI ^jSa *1 а11 ajAaj]! 

.4_1а JJJ^ £ j^J (J^VI (^gJ^ j! -La1]I (JaHJ ajjj-^a JaLLujV ^-1-1Э ^al ЛУиЛ ^aJJ iLSL^J! йЛА 
AjjILa) Ij Unj 4-JaiL-lA jLj LiLK ^a^kjujj Л а)У^1 C-1^_S Д-аЛ VuxiaII jJj-uajS! Л а)У 1 jj|l 

jjjLjj (ЛЬ ^.g'Vnj . jj^! ЛИа! c!j!J ^j^ £-° j ( J KuiaII (ilSl j! (jujlc. Д -Aja. л a)vL 
(jj)aS! j}A jj£! J-Aj^. CjIjLj ^La^L ^ajuiJ jl j^AJ ^ji]! ^L-tfaaSI Л W Lil (jj aiL»A 
(X-A jjja! j j£jIaS! CIjI JJA*J oljbj Jc. (Jjj. ^ II aJ . djjjjk]) (Jj^VI 

.Udu, 100 nm 2jLu-il 


Elecgtron Projection ) CiLjjj£]I ^Ujp. latLul UaljtjjJ j) 

^1 .':Уи .;Ь ,^Сэ1л]1 J l^iuki ji Сз 13 JJ1 ]Ij ijj SjSa cJ (Lithography EPL 
s jUc. ^USll jjli 4<]L=JI ола J .(Stencil Mask Technology) Jciul ^Ua 2jli 
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Д_а j^. jaaU-aliAl ^alii I j^Aj . ((JuiVuiiV!) Ja-<u]l (Jj-qj L_ 3 j^j £a C t iL-o $.LuuC jC 
(jl . <a ji-I] Ja-<u]| JiL JlULj tC_JjL]l (jlLk j)-o jaJ j <jL-a]l $.! jVlH Cljljjjj£JVI 

^Э Яооэлаа]! CuL jji^NI jl (.jb JjLjla]} оЛД ^^Э AjjoiLoiVI CIjIjj» x^ill jA *£.lV j 

(JxXlVu^y I jj4 ,L (jjjJ (J j]} J-®VI t4_i3 l^jaUa (j-Q 'jjJi£ 4_1 a£ ^£!ji (JjOlHujVI 

Ailij ajS/ ^j^ j-J Sjjj-all (jjaUI (placement) £-dajAjl! jl .<^jjjjjj 

(Ja*J AjbI jC- jJU]I djl_ajJa]l j-o jj£! jl 25 ^l J Ju'ij La £_Ua J ^ . v>J 4_iV tA_i3l jOjjj] 
jl ^iaIa]! jj j\j 3 jpa ^ijLfl j^-]l CuL ^! j^. ^^j£I jj dijlij Lg-Jj] Aljla JSJ 6 jlc- .A^Jjjj 

I jA Ai^jU! c_j£Ijj]| ПЬУ j ^lii]} jjVUi Jl jU .70 nm Lal jc. _jnl] 23 nm Jl j^ 

.£_ujIj jUaJ ^^lc 4aI jVi-ujl C a3jJ Л Ajl_ 5 j]l j-o ^jj]l 

jjlii £_a ^Jtjal Ajjj^ll (EPL) djlijjj^lVI Яа j^. LlLujj Lal jc jlil W 

Jjaiilujj Ajlaj] o j ^ дИа]} CliLiJaj*j]l djLiilaJAj ^Liall jjVuii ЯК La L_ll*li]l 4 jxj L " n .У'Ч 

:(EPL) -11 ^liSB Д^И^] ^Uaj 14 .(J^.t jlA *UiJ! AijL aJL. J) ^USl! 

C." П*Ч J Uj3j LLLc c" Cul'nUI (jxjiilujVl Я_х1з1 ^jWj .(Jj^aljJA]} p.Lulx]lj (judilujVI <■" l'uin 
A&\lj ^al jViujl ^aj) OJbC. Ujjja (J^Lk LajVI 4jLLa j-o jJ*_u^a р j^. Jaa£ j-al x-VaL/ ^iV 
^JIj^. (JA CliljLLaJ djlijjifUj Я_л j^ ^aljVu J djlc. ^aJJ j .(dl]j] jjjfiiA 2 A^Lojuii ^a jJujUj-u 

Ajjlj (J!jIv j-o jjj*j ciiljjji^lVI jixiii ."Ailijai" ajjoic-VI oJa jj£i c* j 100 keV 

* 

jjjp^NI ^Uai ^ J_i3Ldaj Я УЗ L_fl3jij . j-£3Jaj V j^]j t^Luix]l JJC jaJ Lojjc ‘jjJXj-^a 

JJ J jj^a jll jA l^xiii j ajjLaII dili j ji^WI (Electron Optical System) 

j£ji ^lc <jouUa L_J jij <lajujljJ £.l_uix]l 1э)А*П (iLj . (jb^VI S-j^JI L5^J ^^JulULi) ajj£j]l 

.fijl j]| -Lal-Ajl 

£ LuoC jC ajLiC ^Liill jjfLi б(5.1 jSd) EPL AL-al jja]I AjjuIcL/} Я_*_1Э^ 
jAj (SiN — 1 100 nm JISaJI Цп^ ls^) ^ &U-a jA 

jA ^iiiSj AlUa ^^3 _laAj]l (Jj^ojjJ ^aJJ .100 LeV djLijji£lVI Loj^. ^JJ <Jjoij]Li L_fllijaJ 
Ldajl jA (jUI ( jli-uixjj]l jA ^ajjiui^il 250 C(JIja]I (JjJui (^j-L.) (jjj]| jjx]l A_i]lc jl ja 
<£I_ajoi jl .^.Lulxil jA jbSI *j jij dili j ji£JVI c" \\ Aiij <i£lj t ciiLi j ji^lL/ 1 LojV c_ilijj 
jl (Mean free path) jll j^JI jLja]} J jL JUaI aj^j s jlc ^ ^jHaII a1Ad \ I 

(jjjJI (j jjjoia]} ^ <vi3 4,Ь J jj ojjaaall jyUUl ^ciiij t^'Liill jjc jjj-UI jxj . ji£} 

. j j J-ULi AjJjola]! jjC Laj^-I] ^-AjoLij AjJjoia]! LojVI и_аЭ jJ (Jj]l jJjo-ali]! ^aUaj] ^^iiVll 
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j! cCliLuLo (Jjaillujj Lo! ^Vuj jl <joiij jjJaSl jJjj-salil! ^DVl j^AJ t^sljSl 

.EPL Ял_1з! ^ jj eLLc. 


(Thermionic (jjl j^. jj^ j! iajjV j -й ciLjjj^SVI а_л j^. jj£jj 

Sjj j_^a JalLuj! ^aJj . a. uj }J- al-A3Ljj cjLujjc -a. J- a a*j! jj 1д jj^jj ^jjj t (j jj.L j emission filament) 
.(4 x demagnification) 4x j>^ ^ ajuLaS! 6jLJL a_ALJ! AilijS! ^ ^LiSl 



AjljLoaII SlLoII S 

. cLaILlJ! jjLu ^лУи*п ^IS! ^JjjoiSV! JaULujVL Lfl! jc jinll ^uij 5. 1 J^LuS! 


(EPL) djLjjj£jV! <Loj^. JalLiuj! La! jc.jjjS ДиолУи^АИ AjljLiaS! ojLiS! j-oLu 

(jj£ AjtLV! Ls!jc.jjjS ^»LVS алл Д_^л Vui.)x>S! i4Sj5 S g ^iq'i aLLaj^S! <auaj-L! ^.Sc. 


J^Lj lg_uij л! jaS! ^jjj cCnVLaJ! (jjaxj j .(DUV lithography) a1ia*J! Д^^п!! 
EPL Ajlijl v^.j^J! AJLulaS! .DUV S!j cCjLjjj^TjIS (jjajxjS! jA J^S jj^. 


ciiluiiS! cJj-ej t(jjaj*iiS! (Ja*_a ajLjl Uaj^JS jLj л! j jj LoAic. .(Throughput) 4_i^LjVl 

J j^Aj .(pLjaaS! 4W LiS ^^jSj-uoxJ! jjjLS!) tS jj^-oS! <jLLuj! SjjAJ ^^Sj jjjifDj - jjjjflSj 
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Еэ!^)с. jjJ j ^.A-i^.LljVlj AililujVl ^jjj <LjalLo l^-iJ ^Jj^-vLaII cIjLajjoi^JI Lial jbJlA 

ц^! ^ \\]rk'\\ V ^lill 4x jJjj-ali]l Ajlili 4_iiiL^JI ^Э (EPL) djlijjj£JV! JalLujj 
. <j! ■jqx'i j ^Liill l QjllSj ^^э jj! j)A LgJ U1 RE T !l (JI£juj! j-o (J£joi 

Focused beam lithography S j£ j*l\ JjUjjVI UaljcjjJ .5.1 


Overview ^ieLui S jlaj . 1.5.1 

Focused Ion Beam FIB) SjSjUI cjUjjVI Uojp. Ual jc. jjJ 

^oiaj « jSj.1 (Energetic ions) Ualk CiUjjI j* j~jjj fjL ^(Lithography 
USjUj JMk (>) (Substractive lithography) U.jjkJ Ul jc. jklll Ц jjkcl 

Uj jjl Ял j^. - 6 Kq~' j jk. jji) Я^кйал]! Ual jc. jki]l jl ' ( - длЦ Ц п| crU" Clljj 
CjUjjVIj AjjjUill CiljjjjilVI jji (цк!) (jal jjaII jjjj ^jjj-j - ( iSj' '~' г ' jUj aj^jjju 
, c_ijjjjj]| j Ajj jjjj j]l CjIjjjjjjj Як1 jjj (Real-time) ^ ajiaJI Cj3j]I ^k jjjjjajiU 



. ( j j2 . jj . (jjjjj£ .1 : Aiiljj) ajSjjJI CiUjjVI 4-a ja. ^Uajj , JjukaUtt jll 6.1 jLuUI 
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^аЛ WiJ ^.Sj^jAil djljjjV! Uj^. ^aUaj] A-baiLujV! Ju-aLixil .6.1 (J^jU! jJJJ 
> ^эл -iiijiJ (Liquid Metal Ion Source - LMIS) сД^ >*-* cjbjj! 

^Jajai ^gic. j£ji j keV S! cIj! jjujc. ^J! j^. >» djULLa ^Jj Lg_c jLuj ^jj ^jiJ ! cjljjjV! 

cGa ^jJU. jjj! Sjlc. >ъ LMIS SjL» jl .LjjUuijj^ иЛитлс ^l л WU c. Vig '! 

^Jj -U.UJI 4 ^jqVi ^j (jjjj Laa c<3j*J! Sj! j^ 4_>j.j j* Ljj3 Sj! j^. <Ujj л!с. AJjLuj 

cAc-Luj 1000 j-0 JJ^l 4_i>ljuli ^aJ3 ^Jj jjfc^n^S! J -лС. ^Э «lljj La-q jjVulliil dljlj J.L-a-a 

Cj-lV ^aJ .jjjoJj >э JXJ >1! (JjkLM LMIS jj-a > jj^.j > Ц jll ^gJc 
^ajU! ^jajoi! jJ c^jjjL/! _jLi]]! ^-JU>j j-Q u_fl^J! ^Jajjj Aic Д_л j^AJ 4_ijLg_i]l jUaSV! 

Loi^xl! ^jj ^jjjJa jc tiiLj t(LMIS S Cj i! jlo jjUl! cj! jUc SjLc) jAj-^aU (JjaUU! 

(cjU jjjU >jLU! jaUU!) (Boersch Effect) jLjjj j/U j c(Lens Aberrating) 
jL£ Lax jUU jj^! jjjLV! >jUJ! jj .LjjjV! djUjj-aJ! Cross-overs ^CjUjiU .iic 

cIjLcjjjJ! (. а ^ u j.) ^ <Ljjjj£JV! CuUjj-saji! jU-o > Uj^. xLU! JjUj^i -ч!! AiU£ > aUc 

J Ю 8 m/s 10 6 m/s ~ ilc.) cAjjJ&N\ > Ш oUjjbU JaVI 

j£ j-U 1 ^jjjVI J ^ > jLlil] ClliUjill jj c . (<L_a]l dllj ^jLou]! UjliUa 

J]|) JjjVI у. 1 >д 1 1 jUail > Лл. £л 10 А/сш“ Jlj^. > L_ i .. J I ^Uuoi 
Full Width at Half Maximum ) ^j^a]! SuUI l LwVij. >j*J J^l£ Ujua-j 
(State-of-the- aJLUI ЗЦШ1 CjU oljAU ( 1 0 5 nm Jj^j jj£i jll (FWHM 

•art instruments) 


aIuiLuj jc SjUc tl! (FIB) S j£j-Ul CjU jjV! Uj^. Us!jcj!lii jj 

j! ti__iiujjji! ^jjjL jc Uj) 4 LVij — 4 LVi 4,m 1! (Jj^xii L^_ia Ц <xjU1a ciiUjij 

(Pixel-by- Juj^jj - ju£i ^Vil! jjjL jc (AxjUiU! s^UJ! >aJ jxj j! 4 Loi jjuj ji! 

(JLV! jA La£ 4 IjtajLj oj j.w^ A_i^UjVl ILa j .cIiUjjV! U ja. ^ijAi Pixel) 


^^Э jjj^jj jUl (DWEB) CllUjjj£lVl U j^. \_1э! JC jjUj 'jjloLlAil Дс -Ljail ^juJaj>a 
CiU jjV! Uj^. Uiljcjjj 4_i>Ujj jjaLk Ц tDAVEB j LijLU .4.1 Sjiill 

cIjUjjVI cIjLcjjui l_ijjuij) (Blanking) j^n jil c!jL/c*_a jjaiVj (FIB) Sj^j-UI 

* 

U^_i£lj t(<^Loilxi ciiULLa ^j ^jLuj UiAjc ciiUjji^JVI djLcjjm ^j ^j-mjiU Lij^ iU\l 


AxjUmiil ojLU! jjajjxl ^1л Wl ^лл C* п-ч o jJJ^il AxjUiuiil SjLUI CjUuiLmao jl jLa_i 

сЛС A_i>UjVl itA'i 4 ( L_jjuui jjil j Д -Ujjuiji! jl) SjjCiUa Jj^xj ^UUi > .CjU jj! LojaJ 
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Jaxaj&i J\ EBL ^ A_iLa*JI <jl yu,VI .EBL 4 _i^.Lij jA ^Jal c 1 jI_j-q 

jj£l & j^^Ul Cjb jjVI j*)>j jUaal (jl j^a. — djl jxojjlj]l (j-o cIjI jJuc. 

L_J jliUl j^jlU ^ u,)ll j^V)ll j сб j^j-UI djljjjj£iVl djLu^-A jUaa! j-o ^U]s jj^! £clc. 

tVU jV! cijUjw »>4 jc. cijU jj&bU (Backscattered) jj>Ul jUtiill i. )>Vn cina.) 

^ A^_jLuia ^iaIa]! djUlyLJ ^ jli U* >J La-q (<*jUbUl dJLa]] jjajxUl <lLaj-Q £Jjui 
(JAa )U*i; Ual JC. Jjj]]l CIjU jj! ^ L_Jjlij]l JJjU ^ (jjalikjVl ILa LUjj .£uuil J (jUaj 

2 i ijlLa L-a-^l J (Lateral straggle) ^JiLJI jjiall j Ji?. ja^JII CiljjjVI 

j-Q Cljl jiuc. ^ ^lja. jA jj£l Lo 'jjlc. j jjiUl j (JAa] 1 4_iaU jA CljUjjjiiyi 

jl jjl jA с_а1ла! ^gic. jjjAxJl JaLLuiVl cIjVL^. ^ 30 keV Ga + cjU jjV ciil jiAjjUll 

• 4 _ilajujj Aj j j 


ja Axjjjuj JUjl ^ jUu] Д_А£ j-A jj^VI Lgjl FIB Liljcjjj]] 'jjjj^Il ajjA]l jl 

Vjujjjujj]! JajUij (Jj^xj <xjl_AA 'jjUo ^Il Vj ^Li 3 ^Uali L/ 'j Jj.W a L_fljl_ii-a 

^JjjxIl AxjJallj (Throughput) Aja-Uiyi AjjuiijjII CjjII! ^J-Pj .1. \)^)jUl jl 
Ijl jjJal t. * I uU ^ji]l j (Ga + 1 g Ala» a 'jjlc.) LMIS cJIUuj jJ*A CllLjjl jJj-aA ^ljlV 
jl j^Aj jl idibU-ajA]! t_iU^->'il Uja (Dope) <. . \) т jl j^Ajj tL 11 Sjjj^ 

s jl j^. Ял. j^ jLri.VI (_>« jjj£ ^ji) (Eutectic) jl g . .Vi VI oAi^ CjLS jxi 

.^j^jjquJI jljJI (_>i Jj^xll (4 . >.Q-k ‘lj\ jl^A^ajl 


Aa^lojVlj AjjuLuSH tulJVI . ui . 5.1 

Fundamental mechanisms and throughput 

J (Patterning) L^Vill jijj jl jLnj Jll aaJiJJ] LiLLJI CjUVI jl 

: ^jbi ojSjaII CjLjjVI Liiljc-jjJ 


Jlijjl v_ iu.m ,i_j^JI t-JjuJ (Physical sputtering) AJbjJI LijJjll ^jSfl C)VI 
ijSLi . - Q j II jji dlljiil jUIajlj 1 Q j II CjI jJI ^Ic. <Ja 3 bJl dlljjjVI j^ <эЦа]| 
4 <jjJI AjjJI j 4 j] jVI tllljjjL/l Jajiu 4 _i jl jj 4 41 Л 1 j 44 iUa]l jljLi jJa jJJ 

4 _ijjl_j]l 4 X.I n -^.11 4 _си__ал ]1 FIB 4 ^ U. .V j) -i a ^ II 4 j. V, j. j^VII ^ljiVlj 1 4 .j >]1 j 

keV-25 keV j'-Lj (Ga + sjIc) кУЬо. CjU «j! dililL (Nanofabrication) 
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£-ljjj . Ai-l^jjuull J-LI U ^ L.la. ^J] A_uijjaij]l A ~NjVl jj j'l ^JJ П^к i50 

jLa 1 0 пгп ^l .^VunL 3 0 пгп ^JI j^. J_ui jjjj j-LI ^laL-UI aj jlxll I -i^JI jLxJ 

cjIj jjVI jlL yjjj (Tails) J j^UI jj ^LL LjLiuiVI ^ jjijqVjll) cjli jjI jai -ч a 

. (c. <аЛ ^,\1 ^ oJjljll CjljjjljU ^^jjLJI jUujjVlj t ja^-UI ^ 
(J j'Lj J JX> 1 C. jLkj (JLkjJ ^aJJ liA .L_JJjoiJj 11 4ja_UI — CjL jjV I Я-й ja. jLj Aj llMl 4 jMI 

AjjxII ^Uau Л 10 ГПТ-1 шТ ^gJlj^ ^j?* ^ jjVj c_jLj j-oll ^ljjl 

(JJX jj L_jjjjl ^l Л VuxiLj (10 5 T — 10 6 T ^JIja. ^^ja. Aijc- L» > jil ajLc. L_ajl j-oll) 

4*^1 jjaxj Яаи -alj JJC- AIiVIuiaII — FIB 1L l_1Luijj 11 <aj3jll LjljlVI (Jl jjV .£J3j 

Chemisorbs lLLuu£ jLj Ajjjjaxll AjjLuuill j jLI jj ALij 4'L.L jl ,yjj«j jilj 

AiLlall ^ jjJJ 4 й jj£jll ^Jc. fi j^J-Ul CjLj jJ^I *L ja. JaLLuil ^aJJ Clliaj . L Og II ^Jaui ^^Jc. 
Ajj^x-o jl j-U ^ хЗ j -й l_11uijj ^]j cAjjjjaxll SjLall c*Kqj jc.lij <i jj ^J] ^-ua^j Lla \jx3ja 

^&кл. II jjl j t Ajjjjaxll jI jLI (Fragments) LLLL (Desorption) -Lil Jl j c<ljLi jl 

# .♦ .♦ i8 i9 20 

CjI±uj^a]I ^ \ /1 j , _ n . ,'^j J^l ■ Ajtjojlj 4r- j. t' iQ. ^.j ^3j ’ ' . o jlaJI 

jjA j^xJl axjUJI jiVI J&1 ‘j^lj ju^jJI (Literature) CiluJ 

.ЯЬИаИ (Metalorganics) AjjUaxJI /pUJI j ^ j. t —лд j]l j j/i.u,Vi'l j t jiiU]' 
:ijja]l j) .(Tetraethylorthosiliciate TEOS) cjiliL /jji Jjjil jS ja SiOij 
jIjV' ajjjjjaII ^l jjVI -^i (Resistivity aI. jIIaII JUIIjj) S jlii]l Jc. Яааш^]! 

^aliui La£ cAjLIaII AjjuJaxll SiLJI j AjjI Sii$\ Я-й jaJI j* CjL j /аЛ ^l jj] "Lj ji-all 

nm — 50 nm ^lja. A_iuijlAll ^laL-UI ajjIxII iLubU ^jjV! .iaJ! ^xJjjj . LiLV ajjoisL-q 
jLj £jjjj jjji jxi ^tiL <jLiluiVI jiajiajll) 10 nm jj^l ^aloVuuL 70 

jlVtl ^ixiuij Liq i l *<aOg,ll ^Jc. A-Ia 3 Luill AiUall ^^jjLall £J j jdll j jja-All ^^3 aUgVl 

. (^xjoij! jUaj ^^^Jc. AjjjJaxll aiLUI 

4A_xjLia 1I aiLUI jl jU AjlVlUI Ajjj jaJI AjjjII j j£jU! Ajj jjVI Я-й jaJI (Jjj*j ^MlMl A-UVI 
I jiu .Ajjjjj^lVI j Ajj-uajll Lil jo jjjIII cjLjiil jjjLa (Aanalogy) jlaLi ^_a 

jli cAjil£j AiUa cjli CjL jjlilL AjjLLo t jj^JI jjjJa AjiUall CjL jjLI jJx-uall jUajll 
(jjjl (J^j il^a. A_Jlc. (jj^j JUijVI Alc. lU^JI (jj JjL a-laj j£l AiUall Ui£ J^xa 
jli tlj^Aj .jjjlilVI A_xUa!iuiJ Laa jj <; \ j!i£! AxjLiaII ojLJI AjIj (J^*J (jl ^x-iLiuiJ 
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jjajjxi!! ljLc j^. ja (Jal ojlc <*_jLaa]I SjLaI] A_i]LiiA]| ^^ijjVl (jaaJjxi!! ljLc j^. 
JJi ^jjVl (jjajjxjll Aic- 20 ПШ jjj iajiai. jjajc jc jlci j3j . jjjjfiEAJ 

21 .PMMA CjXj^I IV JV 


jl 4 _u1Ju1Ja]1 ^аЛа]! JJlc) Jjoi\_1a]I (Jj.Wjll JaAJ A_i^.LiiVI Cli' V -1*A vj 

<jliiujVI ^ ^ЬаИ CliLj J^VI jLiJ <Ja-ujl JJ Lg_9Jj*J ^aJJ (fi.1^.1 jll 4_ijLi]l ^JAJ-dl 
djljUI J-lxJ ij.l*J 0jLij]l oIa ^xa£j .<iuall (jj L-liujjjill jl -Lujjjaij]l 0jLijj cAjjlLaAll 

Aaj*jj .-La3Luj GH. jjjl J£] 44_iic ^**L Ui,1 J jl ,<а, Ч ^ ^daui ^^^Ic (j-Q ^Jl j-dl 

^^-lc j co-j jl jll Clli jjVI -La jIuj A_i jl jj iAiUall j c^l jiVI (^Jc I jc^ IjLajcI jjjLlaII 

— 1 ^l J^. jjjjLJI L-lluJjiillj 4_ujjujj]l 0jLij jjAfjj .Aliljj ^ljjlj L 9Л$ II ^g-ulAigJl (J£jaj| 

^aujj Iaaj ckeV !! cijljujc jA diliUa Lijljj 4_1аэЬоЛ Ga LiiLijjV! <у*а]Ь 10 

L_lA j] j£ jjLi (J^] J*^A j J jfLiA jLuaC. I AjtaJaJ (JA CliV Лла -lic j! Ja]I (.* UxaIJJ j! ' a 1 \ jLi 


nA !! lIj! JOAC ja ^g_^j jAi ^gjjjl jL_£l] (^и-аэ! £a j .AJa3Lui]l CjLi jjVI jlii (j* 

j ja]| l-j^u! jj /a1\j\ ^liA t(State-Of-Art Instruments) aULU! iilSjJI Cjli Cj! jb U 

^ * 3-1 • .. 

JA liAJ (JAijliAJ A_lij £jjjA3J .ikLj ЛЗ 4 A_i]c J .10 |1Ш S (jA L_J jjisj (J J-ua3 CllV ЛЛ -AJ 

10 )3 (^_1 л£а ]1 lIj! jIa j j£j!a]| lIjIjuic) ^! (10 nm) (a )»^a!I lIj! jIa jili]l lIj! jujc) 

.((Ja! j! djLcLui (j!) 'а1 ji*A 4_iiAj djl jiij (jam 

(Alignment l-aULi^VI Язл ^/uAill ljV-i*-* ^jLl <]Loa <aj 


^iiHjA]! j! jSloiVI £-* (j^ij (JSoaij -lajljjj ^pJI ;^аЛа 1! jjj ajjU^aII accuracy) 

A lau.il jJ ^luajl jaAj]! ^Э ^aIa (J£ ^Li^.! Ijj tl^^Aj .FIB !l ^LJjj] (Jjlj^Jlj 

jj^ju.i3 ijjil ^a^La ^Jj <Juii]L Z) Ai^j (J-4,un (j! (FIB) S j£ja]I Д -ii j^V! Aaj^JI 

C^^-Iaj ^ja] j! jjU ^ib] LjjlililajAaV I S^Lcj jjJ 4 t m 4£jjjuadi! ^oAaSV! (jAj!! 


(^i ь > 1 1 (Stage drift) l_a! j^VI Jll J un i.t m - D/d — j 

AjjjaiJI Ьз! JC Jjj]l ^AUaj ^Jc AjsHaI! AjjjaI! CuLuiUll (j)Wj JUJI <3tJjiaJ .Ajjlii]! 

^лУ1ип V (FIB) й j£ja]I CiLj jjV! lAj^. Ьз! jc jlil (jl Laj j^]j i LiiLi j jji£]V I Jaj^. j 

Aaj^JLj ljj^jI! 4(JLa]| (Jjfui ^Jc) 6 jjj£] 1 ^l -ч *ч V I lj!J A_i^.j]jj£j]l LjLjjJaj]! SjLc 
ajJIc (Hard drives) a Ji^all ljL£j*4 а11 ^э ^junlaLixAll (jujjj]] s j^ ja! 1 JjjjjVI 

4_^.J^J LAjJj^j SjLc ^ftJJ V (jj! J^J jljij-ull ^jL^A l-l^A (Jja jj . 22 (<i1jVI 

AjuL, ^j> j-dl FEI FIB 200 — I! jLgja. j-ajj La .FIB — !1 4 a]v*i1 Д_Ь1_аа 

^^Э LjLa j jJuixjl оЛС jA Ljjib ^aJ3 ^Jj <jJaJ£jj (jL-L !! (j! Li^uJaj Л^Э 4 1 j jj~4 jj3 
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Vil 10 ^! ^ju/il l>° 3^ i 23 (A/min) адазлИ 

(j-a ^iaIa ^~n ~ч СЛА J^LiijuO (_£^j\_1*_a L__fililaj-£a! (j! L 30 ПШ 1 c_fllilaj-£aj 

.(100 nm oA^ ^ k ^->\ *^C1 

4jajSr uLuiaJI FIB AJauljj jj^J' Л (_ji jjiuajil Ajjji 2.1 JjJaJI 

0.5 3 Auijujj ji cjjuijj Jjfcj /jjaljjSl £»a AuujJijj ji Ajuijj 1 ijlija ^xuaa 

■LaJ! jC- SJjIjSI jHj J juii laiu 4 ijjafl Ajj jVI . ljUjjVI jLui llA — SeC JSJ ЦШ 
JjxaI JjjaiSfl julAll (jjaljjjL D/3 LjljauVI Jj>IS CjliLuui ^jluaj jjjj ^y^SVI 

.1.5 nm/sec ^lja. tiljaJVI 


<>j 

juluajjl 

(J^) 

<i jjjl JLau» 
LxL (цт) 2 

£-а%Л 

£^U1I 

2у,,л 

(nm) 

J* 

A_j jaJI 

(pA) 

(nm) 

5 

30x30 

10 000 

300 

70 

100 (1) 

120 

150x150 

250 000 




5 

100x100 

10 000 

1000 



120 

500x500 

250 000 




7 

ЗООхЗОО 

10 000 

3000 

6000 

1000 (2) 

70 

1000x1000 

100 

000 (3) 




7 

1000x4000 

10 000 

10 000 




ijau * * 500 пгп ^UjjL I ^>jIj (j^jj^i l_f .100 пш ^UjjIj jIj :i£iWall ^jjIaj 

.Ajj^)l! jLsuoj 
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4j^jLi]l Lll\ijji£lVl jj-ua ^l ЛУи Aj cFIB 11 ^aJJ jl li^g \ j£-oJ 

li$! ji-oj .^lc jS jj Л Д -bojllj ^Sj-Ul aj^jJ (Secondary electon images) 

lij ) -'UgLuj jj^L) U (J^J 1 )» j-o Jajjll jl^ lil LaLqJ (^jiaJJ V (jl L-llia-dl 

^Jj 4jjqj]lj (Jjjj] j 4jjji]l UiL ^lj <JjoJ ^j!)La] 1 L_fllilau^aj <3i Jai£ LJjU^jII jl£ 

jjJ^l LJj£-q jj j )-i uia jl (JjUtj j£-oJ cAJL^JI оЛА .(Jaau]l ^Э ^)a.i ^-aIa ц^1 

cljLj jjVI "La j^J ia.1 j jj^>-g (J!>L^. <!La£J j£-aj t." ) ^_а 1* ^ic. (Dwell time) 

ц^Э А_АалЛ 4_ia\_i]l j-Q Aj]\jl9 jj£ 1 £Э( jll ^Э U]]J jj£jj .Ajli^ Ijjia-sa ^laLUI jl£ lil 

Ujj^-Ul j-oj (Jj-oj Sjja.Vl 5JlaJl ^^Э Ail cJ ]J . l_ 11 uj jj] 1 Aijjla ^^Э 1 g \ a J_ujjjoij]l AijjJa 
LLa jjA 1 \ Uxix> tAm 11 ^Uajm ^lc. j-d (_£ jUaxil j\A jl Jlaiiuil ^j ^iaIa j£i l-la jjjla]l 
1эЛл11л Ijjj^ L . JLi'nl JLxill l_11ujjj]1 (Jj-oj j . L_liui jj]1 A (u-o^s. ^Э la-Ualj 

(J^JUJ jV 4^1 -о1а (J£ ^Э OJJJ^ cUlAj-ujj ^gjj tii]j (jl j£-*J .^L-oi-Q (J£ (jji 4_Ajai] 

^lx-aii-o <Uajj (J£ £-0 соЭЛл11а]1 L_11ujjj]1 CllljJajj ^jaij (Ju-aLa ^LULl jj^J-uj ^laIa (J£ 

lUa'n^i ^ДАаЛ оЛА .Li£jjl£jA A m 11 UJj^jj jl IgjbL^ j£-oj Cllia. ojjj£ Iju^ij Aj-ojlj 

^ й jjaJj]l jVI (J^-oi jl j£-aJ D Clna. = D/d jjix-aji! ^^и-аЭ^! j-°j]l ^al , W‘u«.il 

jjj <Lojall ^jJajAJ S jlc>j АЭЭ jA ^)a.l !Яа1с. tj]\jA jl la^lj . jj*_A ^aLU <j ^jajaa]! 

(Ji>La ^iij-Ul jA^j ^gij JaJjJa!lj jj*j (Ja 4ц£^) (Array) A qjL-oll Aj]\jja]1 UjI jlaail 
L_al^aiVl ^Л^ца^ Ajjli-o La^_a jj C. iyLolc. jj£i (_^! 'Cjl lii^. j Ш Vj ^( jj^)-o!1 U 1 U^ 

<alia-A L_ijli-ua ^jjj-ai] £jj-»-ai]l <i-ojl <]jj^. jjj .li-oUaj ^ic. (Stage drift) 

^Э oUax-o 4 L_flliia-uaV 1 dilc-j UjI JLi'ia £-o jj-ol jj]U 4 jjllLoJl j)-0 (FIB) 

.2.1 Jj^l! 

Ijja (Jjjj-o ^Jjj]] Lujjjij]! (Yield) (Jj-aLa. jl 4t.“n.w Ui'i^l ^^э ^Li-iaj ii! 
j>A ^l jlii-oj jj£j jl (J^aj (Polymethyle Methacrylate PMMA) cUiVu^l 

Uj\i jjl ^JajuiljJ 4 _ujjjuij] 1 Jajjjoi j)-ojJa A-ji jjj\l 4-uijjij]l ^cil jj j)-o (100 — 1000) 

ojaL (Jjj^ jl "^iij" (Jc*\ii L^il ^lc. iLoJl £ci\i!l liA 4Jaijj-o]l aUVI jg .Ga + 
L^-j^ij 4(100 nm (^j) ^Lujjjoij-Ul ^a!)La] 1 4i\,yujl j>A ui!i jiaiaj . (.“^Уич^ jjJ L-oja. 
Jj* _jUa3L , 'qV, q . ^ jj 1 ^-i^UjV 


<1ш 1_л£ s 1 lIjV a*_aj Cil jlo jjlil! diljxjc. jji jUtlj 100 

(j_Ltt!>lj]lj Яс-1 ^ LH (jja (_j-a^J Ltt ^^9 A jjqjJJj tt_j]l jB (Jj£Jj JLlUaj .7.1 (J^ jjll 
j ^ILiaLLtt U jAj i^jjUl! (jiajll j jL j (Microcontact Printing) ^ jj%UI 

. 6.1 sjaill 


л 4 -1 


nm 
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<Д$2! (jAjjLuaj j$l aj (Atomic Force Microscope) AjjJ Sj£ ^ja^ljj S jj.ua .7.1 Jl^Jl 
(J^a JJU (J-«J cr^-^Vj ‘1 pA ^J^ jL“ FIB — s (jjajauil ljAC- (PMMA) u£bj£l Иш» Jjjjj» 
.(fbjoill (^jSjjj^VI > u^VI j*® 24 £^j^ 21 >) Jil 20 ps j!jL»j ^U-yfiU 


(jj£j cAjljLa-JI SjLU! ^lc Дх -LiLai] (FIB) jjjV! Uja. (j-a^j Lajs 

Jt Sjlft 25 (30 keV Ga + JJ Я^а1Ь ~10 12 ions/cm 2 ) ol^Su 

j) jfL (jl £3 jjj ( I AlxJI c.” n*\ j)A j . CliL j jj£]]jU jja j*l2L 4_x-aLa_Il djlc. jaJ! (j-Q jj ^ } 

Д -Aja. <2ajujljJ Ac-LlUI j>A ^jjuj! djlijjVI i-Aja. <2ajujljJ AjLjLxbJI SjLaII L»jaVi 

> (Energetic ions) ajjSLU! CjhjpA U1»j JaVl djlcjjJ j! VI .djljjjjilV! 

ACjjuiaI! ЯзИа!! (JjVn Lo^jc. ^ x^i^VI .laJl jLLaj (jAuJa) Д2 з\^а\ 1 Яз\2а]1 djlj djljjjjilV! 

Sja ю 5 Gn + jjj! j \2 t0.5 mV 2 Яз\ 2 а J! \g ,1 a\5j jj>. 2 ia\I ^nu-^W 

jjjjilV! ic-jju: (jA (jj.Vq»,) \2aj| jj J_jl Ac-jjudJ diii ^a^.JJJ 12] sjjjJ^iV! 4-1 j£ j)A jj£l 

j! (Blank) i ^j£U! >j]! jl >*j Ua s(Two Orders of Magnitude) 

ic-LiLai! (jli ;4 j\aC. <LujjLaa£j c^JLiL . jjj£j Jj£! djljjjV! Uj^. £uJa jaj S^lcj 

Liiljcjjjii! j>A ^jjuj! SjLc diLjjjiiy! U ja. UIjcjjjL SjjujLia j! (JjuiLuui! ^^ic 

. CljLj jjV! 4-aja. <2ajui!jJ AjuLaa]! SjLa]] 


Damage mechanisms jjC^ LjLll .£. 5.1 

Sj£ ,jJI cjlijjV' k^jp. Ual jc. jlill ^jjujjIIj ^LjVI (drawback) (jjLUI jl 

Д_а, w xViaII diljjjjilV! j dj\j jSjiil j! jj^. . ь Vig \L (_>jli! jjjJail jA (FIB) 

. JjujLa jUjjJ L_fl^_l! dj! ji (J^_a (J^j ^£i Sj\c Яз! 2 а L^l (j jj 2 Lal jc jLii! 4 a)ViI 
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gj (Point defects) AjLij ljjjc. ^iu 30 keVGa + jJ j j J JS, t jU 

AiLoui j jiaL dili jjV! j* AJlc. Ac^a. jli 1 ^ic ^_а!Яа 31 jjj£i ^j lili .4_iij3l 

AjjjL JJC *оЛ1с^ jjjJalill A-lllc. Ад1а1л jjj^li! jjj jjuj jxill 0 -а1а 11 ^jl^-i!! j-oxj| ja -Ixj! 
fijjjJaliAll 4 qLaiAll йЛЛ JaC. jj .С3. + 1 l-la. (Jlc- JJ^JJ £a (di^Lu^ j-al! L_flloaajl ^Э 

30 keV Ga + CjUjjV 30 nm LyjSj) < — iogJI J CiLjjVi ^$са £a bjjii (JjUaJJ 

0 ■ Vl A A L_JjJC. Cli! jj£jj £_A l.la. AjIIc. 4 ЗоЗ j jl jA ^aC jl! ^^Jc t(Sl jj^jLMl ftljlj 

jIjaII ^gi (Channeling) 4 j^l (3*° ^j^ 

jjjial! ASIaio ^gi Ga — U (Atomic Fraction) (jjil! ^j^J! jj%^j .4 -jjjL31 
Ij^J j^Aj . l y*)g II djLaL i_ujjjaij]! ^jU ja Y 1/(1+Y) 1 Lujii UjLuia AjIjVI 

jj^jL j| ^э ;(JL1 a]! (Ди^ lt^) L^Lij^^!! u^fl^l jijj j! ^jj!! ^!Ll! 1 jj^ji]! 

£ja31 j jt jLai» a\I j cAjjj-ajl! j-ajL-aiJ! j ^((Acceptor) j j‘i a jA Ga <.** п-ч 
jL^_u*aiV I ^ >ч 4 ^ j ii l Vig II ^x-a Ga !! (J^ !i! c(JL 1 a]! (Jj±uj lt^ - ) ^j^j^^j 

<aj tlilLiAj . AjjIjaj^j j^-£ll j-alL-alJlj 4(<jJaia_iA jlg_u*aj| <L^jJj ^jl (EuteCtlc) 

jjl! AjjLiX-A jj_u^3A ^^Э JaJ Lj . Д -uj Jjjij Ja! 1 ^ljjV' £-uajAJ ‘ojlc.j ij jll iJLalA 

jjJa!i]l jjaxj .o jj£j!l ^^Э jjjla!! j-aa-J La ^Э <£jLola .jj.1^. i-LLuu Д j уЪ a LliljjjV 
jA ^ljil ^ЛУииЬ ^lajoi Laa 26,27 cl^jc. (*4wMl ^aJ AjjlxJl LliljjjVl J j>/iA ^Э lcljll 

l^Lo^jl jjLcii jil j c(Less invasive) 1 jj^ JSV! j Si^JI ^inill с 1 з! jUll CjU jjI 

. jV! 4_ilxJ ^jjlajill ^aUajll £a 

ЛЗЭ 4 LliajjjalAll FIB !b L_lLuJ j!i]l 4 LkJ jJ Li^ljCjjjllj LjAVjlLi jl»“n I_AJ3 

L_L1ujjj]1 <ili (Jj 3 ^alc (J^joJ L V^ ll oJj,Wa ^jjjlallj ^ i_uij Jja j!l jjaxJ jLil l“ ЗЛА jjoi 

Liijij (_£jj £ ja. *^ c " L^J^' ®j*) ^Ja^Lui!! CliljjjVl £■! jj^ ^u-alj L-A-lj| Jl ^ 

(J JJJ jl j^AJ 1 JAj . <JuU jIa!! ftjLo!! ^Э (L_liuujj]! ^cliLi jV' jA Y <■“ 3J-\ 4 — 1/(1+Y) 

4_iAjliA <> jk J A^Jalj Lo.j^L (Ramifications) CjLcIjj Jl 

Ялл jtLo > >Л/1 cJI J Jal Lboij Jlj tAj^jldl kljUJI i jJI (Resistivity) 
> jUl >UJ] 1000 |jGcm -10 |jQcm Jl ja. > SjU) V~i jiUl >lxJI 
Ga + jjjV I jcJ kLlka jl j .(kuu : jUI LSjUll j| jJ3 100 MQcm Jl 1 M Qc m 

SU jjJaSI /Сл jSjSI dlljjjlj ^>jVI Jail ^gJI jCoUbJ jl jkxJ <*^1 _аа 31 fijLoSI CjI£UiaJ 

t<jtjUiASI fijUJI ff-ljj U ^JI jl jUkj’ I jax j j£Sj t<*jUiASI fijUJI (jjajjxj jULk Ga 
OjLSajoi ja j AjtjUuJI o jUJI aSUuaj USJ jU jjj 1 1 ^ jl jj U (j^.V Cj jSj ^UUSU j 

.SJaaUJI CjUjjVI (Paremeters) 
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Otherfactors tij^S J^jc- .j.5.1 

i o > j^ll Cllj jjVI *L>. >J>}J xjjx^oll ^_2 Д_Ал11 o.liLa A ij— aU. tilljib 

s j Ял>Л lj jlij U j j jt ^UII JUJI (Depth of focus) ^ jjJI >UI 
t> UL >c. JiUaJI > Aili .(Limited beam convergence angles) 
. (I) . 8. 1 JUll >ш US iJcUI jl 100 pm > lsj> Jc 100 nm 

jj tLjLom J> jl J C iV 1 ^jjajoi ^ lt"_ aJ'lC- <jLilujU LLd ^jual jlL ruu-J ^ 

J£Ull > jjja jA La£ n» 11 ^Liijl u>ij jl А_л j^J! jj£jj jLxJ jl ^Jj 4-^.L^J! jjj 
LiiljO jjJ jl Ajjx-ajII LiiljO jJJlb 1.1 ^. ^jL^jI (J^joJ Л_и-а1_к]| jjlij .(l_j). 8.1 

.oAudJ 0^J.W^ AjjjjII (jL^C-L/l (jj£j 1>" П*Ч 4 (JjudLuiJI ^^Jc CllljjJjilVI 

^JI ^j.w^> ttiilJ j-o ^с jlb 4^^л FIB i! Lisljc-jilJ Ajjj]! (JL^ -л jl 

(J\. ул\\ Jj^Lui* jls c lieUaj ^э 1 00 nm j-Q aj jj-aj ciAi jj! <j\ yL J ^^Jc JaLa^-il j . jjj£ 

4_*_iJaJ (<jj*]| dLj^j (jji (j-Q c -l^.!j (_5-jj^l ^luia JjLk JaJ-ali]! J_^.Luia 4(j!) £-uJjVI 

^_ula]I Jajlxk ^^Э (Jjud£jj]l ^a\ >^\-J AW-a ‘■UUj ~ . A \\я x> A g ~n\ (_im \! (j-Q C1jIj-q 

(j-o*JI £-о (jljSV! (j^lj .Д -iijjVI cj i\jjj-£aj]\_j Luiaj! j djLj jj^! Д_* j^. ^^э (Raster) 

A_JLc. djlg.\, WiLj cIjVL^ -л (j! ^ 'i» j di]J cAIjLuJ! S jiii! ^э с__а jj-^aj-<J! ^JLxJI (^jjjl! 

.J_JLc <j\, Ги J £-й .1^,1 J ^-ULA (JjLk \ g *' 1 'ЧЛх> , | jl \ g LlJXiVl j£-aJ (1 (j-Q L_Jjjij 4-icLj L-Jjoll) 

^Jc L^liLU ^ jt/i^'n FIB \! Ьэ! jc. jLJ] jdLj-a]! (Jj^xlil! LujjjI! *j jiAl! 

jJjL^nj ^al.lij-uiLj 4 L-lU-u jj]! j J_uijjujj]l Ji^'l (JjLk (Jjj-^aJ Ja-oj ^Э L_a\_iLaj-^aV I 

fijj^j-U! ^-ojLU! L_fllilaj-^a! ^э aijLilLj di]L ij*jj .AjjjLi]! djLjjjj£]V! (Imaging) 

Jjax]! A xiJ-Vil ^^Э .Д -Ljla]! ^jjj-^ali]! А_ДаС (JjL^. A m \l L_al j^-j! t/n' i (_^3j 4__аЛ^Л ^^^Jc 

djLj jjV! Д-а j^. (j-o AjjjLil! djLj jjj^]L?! ajj-ua jj ^jj ^(djLjjj! Д_л j^. Ldq) «i^lji! 
djLc jjJ j^-AJ u^j \l (j-o Яд -ujIj <а!эхо djjL A_ijl£-J ^Jj diiL (jjjjj .AJjVI 

^Jj! (jjj! (J£ ojLc) ojjj-a]! ^^Jc (Jj-ua^J! L_Jjlud! ^^Э Id^. AjJaii-Lo jj£j (j! djLj jJ^H 

^х-л jjjx^aAI (j\i 4 1 Л^А> j .4 аЛ^Л jj-Uj dj\_iajujj-aii Lxjj Ajjj\j djLjjjjfiij оЛС UjJ 

Jj SjLujV 10 13 cm 2 ^gJlj^. (j-o Ajj jj! djLcj^. 4_ lUv'n 4 10 nm j-o cUd£j ДЛ -ii-ui! 

Д -Aji. 4, ,> \я \\ ^La-o j-L-ixaj jjj!) ^j^jAl! ^jaxII A a)ViI ^Э .(aJjjLo c-Ldajjda 

jjjx-ajll jjld ^(Ion and field emission source electron beam) djLjjjiiij 
jjc. J_uj jd ji! j dj jiii! 4_ nVi 4“ п*ч jpa (. ! jjuj 4 Д -jLxli I -iii-Q Д -ii ji ! djLi j ji£]V ! Д_л j^ 
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‘(JL^J! .<jj\ i.siq\\ 4 JUI! AjLiluiV! <>. I Uu) L>Jaj!j fc4j L_JjCja]1 

^j^J! £-0 Ljj-aj L_fllilaj^aV! 6 jlcj jli cAjuLaaI! cIjaII jiaJjJU Ci\ j Yqj j-o LbjJC 

\jS!jC.jjj11 4juLa^J1 SjLaI! jiaj*j J^Lk AjIaC. JJC. SjL*J! AjjjjV! j! AjjjjjilV! 


I. 1 Uti_i LiJaj!j t<*j\-AAl! ojLal! j* 4 *uuj!j <а!а1л jlaJjxj j)a*4 ^ I u*n tillij ‘FFB 1! 

.<ju\_aa]! ojL^]! c." i Vi LLjj jjfu V j! j^-u j]! ^-obLLl с_а\ qJaxV 


0.25 









L rt ‘,ll 

JLLJI Jcxjll 4 _лЗ 


j-o) FIB — 1! <ji S jjjJ! ji jjj <jj*J! jjj ^iLuLAl! £-a jl-aIaI! ^ jjxj (!) .8.1 JS-LJ! 
CjaIulaI! FIB — ]L Pt jjj^Ll! J^ (‘-н) «(fLj^iil ^ jjjV! а\ 1 L)i! ‘23 £^ja11 

Л_л jS! jja i5 СШ jj^j jla£ t iual lj! Jj uiAilL SLujla 4j^Iaj AjajIaJ! JjiaJ! ^ic 

jj£jj SjIc-J (jjJ (> JaLLV!j Jj^al! £J^ Jjau-uj ^j .30 ЦШ ^ljsu ^UjjV! Jjji 
.^-aIaI! JIa-aI! JaIS 100 nm jj.) AJLluJ ^^Jc- Jali^J! ^jjj . ljL jjV! 4-aJ^ 


(Secondary Ion Mass (SIMs) jjL ^jj! ^JjS uiLJa* Я -Jkj! Ja\£j 
j* cILLaj^ 6 jjaIo AiJa :ic AuJijjJij]! ^l^iV Ajl^ill <Laj jc L-aJ&l! ^ Spectroscopy) 

j!,^j CljLli^ ^^lc JJ^ cJ^-LL oAa!*-J! J jJ! AjuJa jj cLAaC. .CjllajJaj]! ja IAjjC. jjj 
dc 4q\j-4A J ja ja a^jLI! <jjjLl! ciL jjlilV! ^ cj! jj*jl! jl ^gixi ajjjLJI ciLjjj£iVl 

jla j*l] Lllc Lg-a!.W‘u J j^AJ L V^\! ^ 4 q\j-UA jLacl 
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I ^ n FIB !1 Lii! jt- jiiil! a_ijjjLuj! ^^k! S jj-e ^JLiA 

1 ^aL cdlLiA j! -i^.j cis c!^£aj .^ 'u^aI! Ja-<u]! ^^э Jjc^ji!! s.LLl.V 1 x^i“i 
aJLola l^jj .Д_Л^_1!1 Д_ь1ла]! (J^Lk jA j сД -uij-ui jl (J^Lk j-o Ja-^j jjj£j ^ui !Ь! !j jiLc 

!ili .A_i3Ljaj ^la^Ia Д -uj jJo j ^^3 (FIB S! Lljj-^aJ L-_fl!_iLaj«aV ! ojJB ^Jj ! jJaj^ JJaJjuii 

<Jaxj!jJ tcJjlc* j! C__11 uj JJJ ajLo j£-aJ iUa^JI (jjjJa jC. (^LiCaj ^-л!л jij^j ^aJ 

g.1 La^! ^Li^u-aJ ^^3 4 _SjLa-o ^r-s^ jiL C3j !La . 4‘lVutul! — oj^ja!! CjljjjV! Д -ej^. 
Ja-dj (j! ^Э 4 La4 j j]j Л J -аЯ j LLxiJ! ^_i^-u<aJ ^^Jc. oj-jiSl оСА j! Vj 6 4j-ujjiA]l ^iUij]! 

c!j!j! j! JjjbCi t JLIa]! j-ifuj ^^^Jc. j *FIB S! Li!jo jjjIS S j_jL o jiA ^^йихв 

.jiju-aj]! Ьз! jo jliU! Ял_1з! ^!>Luaj j jijj jifUj jjfLiU! 

Ion projection lithography JjUjjVI bliuj Lil jc-jlJ — fc.5.1 

c(Ion Porjection Lithography IPL) JjL Jl LlLuj Lal jb уЛ J 
JJ» x-o'jllj jum^V! ^lii ^Jc. ^-j-uia]! pliSV (He j! H ) 4-sji^. LiiLijj! ^к"и« i 
Juoi Jc. Дл^1лл11 ij jLJI J o jj^ jjjLJ (Demagnified) 
jjjLi ^^э j-^aj (EPL) cjjl_ijji£iV! LlLjjj Li3!jc.j!ij] j-a^j U л Lj^k Л Lj! jU! 
(aJ jVI Д-л j^JL sL jdl Ci L jjj£LU Ljdl jjxilll jji) (Proximity effect) ^jlLll 

Д -ilii (EPL) !! (jli c4_L,jaS! олд сз^-З *— .AjuLaaS! ocLd! LSlc* cjLiuA-ui^.j 

Jaliuoj Li3!jC.jJj] jJjLj] ^jj-uia 4-a j tiiSLiAj .(l_J. 4.1 ojiiS! £^.ljj !jjlaj j!i£l 
jji 50 nm Д -iliLui! ^Д! lJc^j tMEDEA ! j uq'I^a <au 1 tbjjjl (IPL) CjLijjVl 
1 1 g i^Aj <Ja3l_ui]l CiLi jjV! jj 4^-iLSLi “ 9 .4 x jj» *.- o'i Л2.5 пгп jiaj*j JL^-a 

jo ^aC j]l ^^jJc 6 0 j^jxJI CjjLj Jj^l Д-о j^ ц^Э 1 _а£ 6 jj.)» "J1 ^ jlij V ^mLui ц^З ^аЛУиС| jl 
.FIB ]l jiSc. J^ Laa jjXi jil ojjjjJaSLi oAuJ! jl 

Emerging nanolithographies 4 jjjU 2I cjLil jc-jldil jj^Ja .6.1 

1л jc. j с1ьолз j jii*JI jijjLJl Ьэ! jc. jiiill o-ii-ic. j S-ii-i^. diLiiij diLutj 

J-ii!>Li (Nanofluidic) Ajjjli]! ajxjLJ! jo L_ij t clI qjjLjll jo Дх. jjj-o Яс. ja -ча! ojjj£ 
^Jc. ^alc. (J£_uj CjLiLij]! оСА a XCi*J .0 j ij£ J_^.Luia LjaV'i j бД -illc. 4_i^.ljj| ^Jj cl*_iVl 
^juiLdl (Jj^aII (."iV'uoaI! ^Ja-uJI (JjCxj jl jl jJI Jij jl t^^fLuLjJI 

J*ilb ч" i> .>11 diljtaill «k jpo Aiidl .(Scanning Probe-Induced Surface) 
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(Jj-aj л \\ j t4jjy*V4,a\l ull^j]! Cljljjl AjjJ^. Clli-i*-£al c." п«ч 4 _L^.j-g 

. j£La]| Jjollil 4_L^.J-G 

j jjLiJI (JA4 !>UIj Af-Ukll LjUHi .1.6.1 

Microcontact printing techniquies 

Jjs c> (Microcontact printing) j о^Л^Ь Я^Ьк 11 J jlkl J 

-t «• t * 30 

• 9.1 lA AjLa^JI 0 Л^_! AJjojLjoiV I (J^.1 J-J! I jL-clV. 1 ^aJ j . (juAjlLnl j Яс. jx>~4 jj 

Lajxt'nl (jjJ jl 6 (jj_>^) J’ 6(jjUj3 US^" AlL* 0 ) "^jjLi*-* 11 ^Ljaljc. jjJ ^-iLaj ^al,W'n*il 

o^C- ^jujjjjII Jauu]l ILa ‘u/i LajSj .(]Vl3.StCr) (^-uiiJj ^^IjC-jda ^Ij-U 

(J£ ^al ,W'n*il j£u*Jj U-lili pluajy UjIja fi^C. ^l^VnJ (j£-aJ t^L! оЛС. jl tClilc^LuJ 

^AVIuia!! <jLaui ^guujjjjll Jauij]l ILa jl (JJ ^.1 6 jLjxj J .UjIja SjlC- AjII ^J L_l]lii 

.JaHuiVI Lial jc. jjj] cjljjij 

(FIB) C5-^P jJ' Ujltfll -LuU jJj£j (I) 

fib l>° L^' 1 ' 

^ujLall 

Si ” j»ujj] 1 c__iltfl! 44 



<^Jlc- 4§i C_jtfJl ^Jc- PDMS c (ч- 1 ) 

,1 L\i Л 



Ш1 jl ^jiJI 44 PDMS ^Д 5 

Л 1^дП\1 ^tA^Lall 

Si ”cs-u> ч^1\ 44 





■н PDMS 

(Printhead) 
SAMs ”j^“ 


£3j\ (~ 5 S ) (JJJj О-ьаЛЛ :^fia\ (u) 


SAMs ” j^*“ 

<jJaall 

(”x”nm) 

AjIjV\ <— aJ^Jj ejLa 

(_^A La^ <CjjLa]I ^-ajLall tAul jV\ (JoaIaII t fljjl ejLe ;_Д 

(<jJaall) <C j) jliiAll ^-ajLa]\ 
(c,j£ jll) AoljVl <■ bJ^]\ ojLa 


j-e j^VI J-e 31 J^jaI! jjua) ^jjSja!! (jjuajLDL <LcLja]| 4 jL< \ ^hJrV ^Luajl 9.1 J^-uJI 

.(Elsevier 
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ьАс. ^kmll j* iljrnl (Elastomer) guj^jlll klkoll j* kb l-l^ ^jj tSlli -i*j 

.^uudJJj^ JaAjll bal jc. jk ^LuiliudL/ cAllaJl*-AJ ^aJ fc(Jj\uuj (Jkuj ^lc. (jjjJJjll -к<и11 jj3 A f\t,i.\\ 

(Polydimethylsiloxane jl J£ сУЦр JjJ' ja UI±lU j&V' jlll k IkJ j 
kllc. (jjlkj SJjjG <1 .1л> (jjak-lo Ajjjjo (JaLla ji (Polymer) JJ-Qjl JJ jAj PPMS) 


(jlj Ik .(^^ииШ ijJt кли11 ^kual Aj jk C** kju.i~4 ^^jc. jl) бЬзи (jjjJjluJaJ (jj ^kuj ^lc. 
(J<®ISj 1I ^lj jjj£i (Cast Mold) c_lukl L_lll3 ^Э Акзл11 ^kyLdl (jl (^^-j^j ^uJakukl Ahi Lk-a 
^Lokll ^л-ч^к! -lk c> (jl . L Qigll ^ikui ^j (Jjixibbll -llc- ЯЭ -lJ (Jajjj ^£l (J jjlJI 
100 (jJJ ^ljJJJ (_£.1 а (jj«uJa LqjjgC. jA (PDMs) ^ jS jjlt kLkdl j W'bub Alb j^AAll 
jjajIjj ^1лУимЬ aoo nm (j-o (Jal i^jc.1 Я^ЬшиЬ (J£j j^^jj ^.200 nm Jj 
ijSlj 3I ' 32, 33 t(Higher Elastic Moduli) aJIc aj 3J * CijUU^ Ci li i r ^ ^ 
(Lower Jal jjkj J^Uji Jc. JU <JUJI (Durability) ЯДШ I oU, 

(Conformability) ^^Uijll U^ill jc lJUII ^jj JDU. Jal Д^И. 1лл cduetility) 
.(Surface Asperities) LJIll jUlidl Jc. Jai ЯД Ikij 


Aj^^ac a!J=li <ljUj t(Master) ^jjaJjll uJUil 1 я (Mold) lJUJI £■ jj J 
Jjilii\£ji..A; $ .l\£ t(Self Assembling Monolayer- SAM) л^и!! Cijlj C_UI 
fii <jl «■bUJI IUa (Thiol Molecules) f l J jJl .Hexadecanethiol 

jkl L-Sjkll (JjJjll g-b-aft (jj c" П*ч <J^kl 0-l^.lj А^Лахм Akk j)A cLuoC. (Jjkoj 

(J jiilb ^^ikoll ^кклИ L_llbll (jjiuuub -lic. i I j . jlxkl ^-ku) j^j Ь1 -lk AjLudLuil 

Ajt_aj^)jall ^kubi]l) (jjwujbll klb j* (J jkl (J^jjj c(<jJa3 CL_lA j C(jl) jlx-o ^kuu 

!k ^^Э . j^xkl ^kuj ^lj (^uujJJjl' L_llbll ^^Э A \a\\ ^и<2Ь2] Akljkl 4L_llbll Ьэ1 jC-jk 

^ииШ jlt L_llbll ^kui -Lujjjujj-all jl <jouUa 1I ^kuLdl 4jLk^l Ac. ja>a\I ^C-uili-uil CL_J jLulV' 

(JjJdll ^jlkl (JaxJ ikbj .L Llg II jlxkl ^kui ^^lc. (AdSOfbed) jlA-dl (Jjjull LiaVs 
lIiIjAiIA (__5^Ь (jA jV J-G 0.001 6(jl) 4-AjjLAll i." ll t^unll L_kjll (JuLiAlill (JLt3 j>L^£ 
0.001 ^(Potassium Ferrocyanide(II)Trihydrate-PFT) ^jjubjJI лккт jjj3 


(JxaJ R UJJ^, RSH AjjIjajS 4*Usi aJ AjjjJaC. Sjb iSj^A LJ^Ja JjJjll 


n 


. (JjSjI Ac. j<ft> o 
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f jsP j*-a jV 0.1 j ^(Molar Potassium Ferricyanide) ^ jj jV ja 

(Molar Sodium Thiosulfate JjAAlp ^-УлУ cIjjja^JI ^Lw СлЖ^ jA 
^Jaxj Jj ^ALJI blili c^ujaall ^ Pentadydrate for Hexadecanethiol) 
<lilaj IjUaA jl£ IJI tljJjA ^Jajuj ц^1 LijaV'iI W'nui jl <jlA]| IJI j£-oJ 
<Jc.li l1jIA\_iaj£ £-*J ^4аА1а SAM djliila ^aLW'nulj I^Aj .l_jaL]I jl A J>>iq]| (jA 


. jjJuLia (J^joJ ^JaxuL/ 1 jA £_У j (J Лл JajAVl j£-oJ 


:^L LaJ (J jj 5 Lia 1I ^jLilL Jx.ljia]l <jliil © jjljll У JaII AW"n 
100 II jj^ Lq jA i (JljJaVI j-Q £uaIj (_£.1a ^^^lc ^la^jLa Ac-LlLa ^^^lc fij^i]| ^l 

. ciil jja j j^xdl ciil j-vic. ^JI nm 

4_a£.^La]j t^Jajoil] Ajjuj-li^JI (JI£jujVI (j-Q £uaIj Jla ^^Jc Lcljlall ^^Jc ajAi]| ^2 

.AjjulAi^JI <il£jujlj ^JajuJI dll^. jij £_A L_Jli]| 

(Repeat or roller Я]а^а11 cA\]\U \ j jl j£JI jA ЯУ1с ^Liil ЯУ£У (3 

.applications) 

Ajjjlj]! £j| jaJI Clillniaj] JIjaII (Jjjjuj t^LuL/l Ajj^ \j ^j'u/a") j^Aj (4 

.Nano- and 34Micro-fluidic Applications Ajjjlidl j 

. ^AIa ^^uujAj JaAi ^juA') ^j^-aj iljnu'i AiKll jjaLikjl (5 


4 Г. 1 ^ Li\\ Д Q -ч. 44 )! \1 CjIjjJju1a]I t. fll Q L i ^ Q Д ^ Vq Л 1 л 1 ^JjuJJj]! l *' ) 1 vK )l l Jx^jSJ 

4iU& (Jii AjjlA-oJj t<jl_A*jjVI ЯУ1с AjjuiLj ^iLoj ^ u/i L_aj]l£j ^ j .AjIIc. ^jliliujlj 

оАД (j-Q ^C. j]l ^Jc j t^cJI ...^Jajm]l CjIaj >»л (Jj^ L_l]la]l ^aj^lj £a iialjJA]! l_Jjjx]| 
JJC. <*JJjujj ;4а2>1а iilijj jijJ (Jjj^J-dl (jAAjLiilj Дс1 liall jl ^uJalj]! jAS tCjLj.Wi'1 

. LJ j^k lll CjI jf'W a j ( j j j5LA_a]I jjjLJLa ^^^^Jc 4u-al_a. j i 4 чКа 


Nanoimprinting techniques (ijjLUI J^' ljLJau .lj.6.1 

j . UM' , Ui ^k JsVl Диа1^^- jjJll ,U\) jjl 

^ j Jl jc. jjjL .кй jiii ^ iliAj .(Nanoimprinting) <_sjjlill jiUll ^ 
(Transition J j=u «J ja. Я^. jj j J 4\;S..,r, U j^Jjj Jc. (Topographic master) 
^rU,.; Jj jjujI.,x,)I Jijj jl ^^jjiujII l_iM 1I iiji',11 1дл J. jll tcmpcraturc) 
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^aJJ IglilajuiljJ <jj]l (Llludj AiLnjaal £-о jl£ j! j^ <jlijj]l j&j^. jA tilli ^.L_fi *л 

jl Lijlj^. LqI L V)g,\l jj-gjIjj jjjL j^AJj . ^g-ujjj jll L_llll]l j-o 4"\.аЛа j-alj3l jjj£i 
*. ([ Stcp and flash] Sjiai." AjlajJ ^^juoij J Clljjpja (j-aLjjaleL 

V jl ^aJJ t -” 1 1*4 »10.1 JiJ Я*Чх^1 j-Q jjj\i]l Jjjllll A-IujLujVI CjI jLl^ll 

jl iAjjx-ajll АШ jl cdjljjjj^jyi 4 aj^. Ajlij 4 Lixxil Jj (Master) ^^-ujjjj L_j]li Яс -ll-a 
JLi jnx,'jl L-Jlill ILa ^лУнхп cilli ^xj .^jjil AjsIjc. jjjl Д -jLaij ^jl jl cdjlijjVI Я -oja. Ailij 
Jjjjq]| jjjla jC. Loj c<aJtx-oSI A\\aC- t jjij]l ixJ . jAa]! Jjiaj]jj]I <х!\_аа]| SiLa]l e-Lujc. 

c( jj! j^J! ci]jjoj\j]l j-o AxjLoxJl SiLcJI ^Jj Ajjai]ljj ^Ujll (J j^i ojl ja. Д -^ji jji La ^]j 

;(<ja-uijj]l (jj3 Яд -ujLftj A^JIx_a]I Лх^\_аа]| oiLo ^JI <iuii]L)^ 4-i^-uiijj]! jj3 AxjoiL/I A-Iaj-ul jJ jl 

jjj^jjll jU^Vl J&\ j ^(Anisotropic etching) ^1иЛ]1 jVijJI ^j jx» 

ji-jaJI AxjUJI SiUJI Я11 jV c(Reactive Ion Etching-RIE) Я]сУи]| Cjli jjVu 

,L_j]li]l £-о jjua]^j]l j-o 4 _^ili]|j 

и 37 e 

<сД,и^» jji LoS ~ 4 10 nm (_>« (J5I CjLoiIJj H'u^ ^is ju_j jluVl li* ЛлУиП 

jjj j j j5Lja]! j ji t fltlU-al (jUi ii] j • C-J^Ua ja t flUajl jjli j jA A н a \ ) j ^ iUj 

tJlbS 38 .4" (jjSLLi *as j cs^ (Sub-micron inter level alignement) cLjLiJ 

JjLll il JA J l!jI J J Jlud] JAJjuIa]! j HxlVtll . 

^Xxiv 4 j cLo JAC-J .JaUjL/l Jij AjUVIj ^UinxlVI jjxxiVtj CL_JjJx]l Lililij^ 

<jlij ^ nyijl ixlixiJ 4il jiJJj iAxj-il j AiaIIc. Ai^jjj jUajll Axuil j l1i jjU IUU. j jj\i]l 


j j^Ja]l Aj jUi (Jjj^j CllV I Cll! iJ 

Ш 1 




C—ill&l) jni_Lal - joSj) a ^ 


•* 


IrV 


cJ 5 

AjtiLo-o SjLa 

о jl 


L-ilUl) j) 1 

[. L 

!'.•;• ., 

RIE J~UI JUil .2 , _ : 


" ‘ V' *f •«»* >• 

-‘-- ‘ — *' rt 4 ‘~«aai 


(ja (jiV! (^л 37 jajaI' (jy«) (ijjUlt (jjUL AjiljfrjlJ A£-lJa sjjjj— J Уза a . 10.1 JjJJ! 

.(American Vacuum Society) j-ljil L4 j^Afl L_>J' 
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^-UjLUl Ailul! LjUlil]) .^.6.1 

Scanning probe based techniques 

jli Sjj 4_iiU! (J-cbtllll ^^Jc ajjill i a jL"ia!1 1л ja. ^joiLJI (Ja^aII djljlij ji jj 

"а_ 1 л ja511 ^jJI' 1 J-C.1 u^i Eigler jIxj] Яс- ja>a! nuuVI (JaxII ^з jaVI ja La£ cS jJ 
jkbvi Ui^ac. J«j 41 .(_>jUj3l (> r- jLuj (Jc. Ai^aJ cjljJ (Quantum Corrals) 

>U1 4 nx.ll jUJI (J).)>.a11 (JJJ I J (Jc.lij оЗАЬаА I jiA ^^Jc (3 (Jj-aall £>! jj ^joiIaII (J).)>aII 
<j\jQjoL)U ^l^jll jaJ! Jj3xj tilli jjj . Jal jl 1 nm ^jliiu)! jj (jjll t4ilxu)l jj \g ^ua ^j 
ijjl! J Ao^jiA >j £ўь^ Jc- ijjil! Я1а1£ ;(Ultimate spatial resolution) AjiLjaill 
ja! ji> с_а LiSLul j ^L-bjJ j^Aj cjj^ Я1зз (Atomically engineered structures) 

(jl t^jjjljl! Ьа! jc jjJll ^з ^joiIaI! ja>a 11 (j ja! jjJa ja jjjxll ^Ljajj .i jjj> Ajaja£ 

42’43 . j jfLiLoiil jjjj^ jaI! ^Jajaill jl iUlLuJI jl aj>ja!I Лх^1аа 11 jLdl ^Jc ЯсЬЬИ jjc 
Cj! j*j*j jl jja jjLilL^ I j> Ullc (j j£j j! a aJo'i! I j^A ^з ^aIaI! AjliiuiV j^aj j 

jj>a 11 "Я^Ш (JjxA M i aj*KA i<jJniiuiA 4j>LVtl LL-al (^iLu xja> j^lj t(dj| jjAjjlill 

o^aj »100 pm/s (jil 1 (j^ ^jljpv Я-р1с (JjjIj cjlcjja) £a c^lajaill jjc cilj^jj La jjc 
^jiaJ ^ ij ;Яо>иу1 jj>Ll (Cantilever tips) ^jjL (^jjj > i ^ljibJ 
44 . (j J J^J а 11 jjajxj -Laj)a4 ^la 1 СПГ <" зА\ * *)A LjaViI (julj <3jL^a 50 


(Dip-Pen Nanolithography- ooLUll ^ISIL isjiLll Laljc jiiUI jjjLl ^ j51 
ja)>a 11 Laljcjjjll Ijuj.i '1 ojjj> j c o jLc (>j cjj^jjA Яс ja>a Jja ja DPN) 

^LaII (Meniscus) (^i^^il ^--ЬЛ ^aauj cjJalxll ^JilL <jjjLll Laljc jiilll 

^JaxJ (J jll (JjLuiI! ja ^jiijaJl (Jjjll Liu ja) <iixllj (jJjll (jjj ^xQjla (J^jaJ (J^joQJ (Jjl! 
(JjjAll ^JauJl £A jlcliiA (" J±aJl" yj (J jVtA II (JjLuJI (jl£ 1 j\i .Lij^Jl ^llau) ^Jj (Jj)l jll 
jl jpAjU (j^j c." n^k co jj^jll ^j ( 0)1 jll ja ^jjjaJI (JaiU Axab d ja jSjj tillj jla tAJajAli 
—13 ЯЗ.ЛиЗ! У jj (jli 46 .s jaUi^ (Nanostructures) <jjjlj ^ Jl J JUOI 
Clil jj c(\^_aJjJajj ja 10 nm (_gJlj^. Jaj]aa. jjajC^ Ullc Aj\. Vuj.i 1 Cjlj Igil DPN 
Яа j^k JUJI jA La£ ta^ljiilj Uttll jj.i>a 11 ^l.wiJ j^Aj <iV) Ullc (Jj>j>jV Sjja 

fijja Ciljj C (^k-iiioiA (J£jo)J Ljx-saJ U-flLlla-uaVl J б! jkjA Cilix-aj >ill j ба j^jA^I CliL JJ^I 
CiiiAjJajj A-jjj^ll CjLjjaJ! \g, tAj> ja (>J ^ЛЗхаИ c." l\, j j>Jl ^UjiV jJuLaI! JaJAljll ^Jc 

di! jjjjll Qgajj ia\ J5j (jjjla (jC (DNA) (_£jjill jjaA^Jl 43jia-a L ia V Я -iljV I t." l\,4 3)L"ill 
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4c.jJ jA Ллл\\\ aigJ Ч '«■" J 47 .(01igOnUClotideS 

c> Laj t4_iVjiV! jju.iV ^ oJ^*I1a1I l <n\<u.VI CIjqjuI .lil j .^-Ij (juljJ 

jll jd jl! 4_i^. j3 


Summary 1.1 

100 II jj-i VLjjuj! £a jlajoill Lajx>'nl 1оЗ| jC jlLllll djlilij jA 4c cja~\a j3jJ • 

Cili jg y/A\ o^jjjj tdjLj jjVIj t djLj j jj^IV I j tdjLj jljill ^aloWL tnm 

. ^iLiil^JAl! (JiIajI! j! i, ^uujLaII (Jh^aII 

j! ; jjjjillj JalijujV! 4 _i1ac. 100 nm II jj^ Д^з! jcjjjII! djLjlijl! ^a, w“uu t • 

L^JJJ j' J ‘олЦ-> Ь JjjjLiaI! AcLllallj ;( jjjV! j! ‘jjJ^V' 

^llujl jjLdl! j! c^4_iiuil! 4jt_uVL) (Proximity) L_jjlijl!j c(^_ujLa1! (Ja^_a1I 

. ((J j jVa\I j)jLqj11j <cl_ilal! j! 4<J jjLill JiJL) 
c^jjj ji) jo^aII djLilij jA Lal jc jlill! djLjlijl A-uoijjjI! djLj j£a!I u_LLjj • 

fijLLI djlilijj ( ( l_j jlijlL jjiall j! cJalLai^U) ^Lill diLlij t( jjj! t jjjifllJ 

. <xjLia1! 

4_ijjjl! djLjJjuiAl!) L_fllilaj-aV I J t^jLdjojV! • jl Ч W jU A_luiJJ jl! ^alijVI jAjJajj • 

.4iK'i\l j cA_ra.LijV!j c ( A_ iL^.I _ lll j 

(Jjj-^jII -LIL*VI Laljc jjj! Ijjiajj IjLoijj! jj^VI Ls! jcjjjIII <jli!j tLlL^. • 

LS+J* <J jia dj|j jJL -ла £a . A Lax II 4_i^_uiijjl! (Jj3 AjljujV! CIjLjJjS W ^jil! 

j^AJ ^pl! <j\y'u*VI jjj*j djLLijj C-LLLVM CjLjjuajl (Jl£jjj!j ( Jj-a3l 

diLcl 'u^a ^ja^ ШЛ! oLa .iv .100 nm j-o jjiV j*_ual ^-iLul L^a! .w'iuil 

.4ij3.il! djLjjjjiiyi 

Laj ^aloVutL ^a^jLa ^JJ j jj-a jl! ^ij 4jju*ajl! La! jc j!j_iill jjLj jj • 

4_ijjjuil! 4 juoiV! (juL j' cAaiaxJ! 4-i^-uiijjl! (jjs Ял -uiVI djLjjja .laLiuj! (jjL 
.^uuj! jll (jjLdl! jjjiajll dii L^_jl j ^ j \ aII Lg_V_Jajj (jj^. лэ <jjjil! 
djjjia -1Э djL jjj^lJ 4 a j^J 4jt_j\_AAl! Ь jLaI! jjaJjJtliJ Ь jjaLaI! 4c\ )iall (jjL j! • 

jA (Js! 4j\ y*Uj.il (j jJ-uia £a alhA C1 jU.Luia1 j Clil jy't'u a\I ^Э lajAj'iU ojjj£ x'j) 

.djljjAjjLl! djljjuic 

Д-с\,)1а\1 (jjia (JA Jj£! 4_i^.Lii! £A CuLjjjilV! -iaLiujj LiljCjJjl (jjia jJjiaj ^aJ • 

.(jjx-ajl! _L\ijojil 4 j 1L^JI jjial! (jA ^Ac! L\ yiu.il ^aj cdjLjjjilV! 4Ajjuj 
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SjUI J-a JJXJj nxAi_Jj]| t A_u)jjalj]!^ 0 j^jxJ! ClaljjjVl i -Л j^. dlljlij j 3 Jj 

^ cll! ji* jiLi]! CllljjoiC.^ Ал]1л]| AjlilujVI £a 1Ла. <3 j£!1a Jjjjjla ^ jJajuJ] ^^juIaa]! 
jL ccj]]j £a .^jla-uJ] 4 Uj.).Vig II JK a iiV I (j-^j jlj -л]! j-o £_uj! j <_£Ла iajxml lJLj 
J alLujVI Ual>jJj] jjla jl La£ .4_а£а AjjJa3 jjl£joiJ dll n».]| jjjJaj A_i^.LiiV! 

(Jjj-ojljllj Ac.ljia]l J (Jjjljl! Jjjjjll jjia ААиои! Ajjjlil! 1 _ 1 Э! jC. jJjll I dlLljSj (JjujJ 

.^luiLJ! ^л-уаИ ^Jc. оЛа 1 л_а]| j JjjIia]! 


Questions 


Aliu.) 


1 jj 4_аЛл-л]1 ^_лЛ_а]| <c.l_iLa] (JjJaSl LjLaj^ 4 л~Ч >, ✓алИ j AjuLa-a]! j| ja]| jj^J I jLo] . 1 

? Jj! j ijlilujl Ла. (_£ j! jJ -LaJjJalL ijliluj! j jj^. ^ 

j*j ojLa]! £■ LuoC- A£Lauj £.LLi £a JaHIL 4_iL^. Я -iju^ai]! AjuLaa]! A_i1aC. dljl£ !j| .2 

ojLL! ^ic. ialuiA]! g. jl jall djjui £a Ljjla <Jjuil_iiA ^ 4 ая \W i_i]Luj 4\\aC^ jJ^Jali]! 

SjLJl A£Lauj ^.lu^aj (jl \\\ c^la^LL! (Resolve) cJjl Vi cJ^^j .4 juLaa]I 

0 jLJ] ^jJvnII A_uJajA]! ^IjVujLj .^caXL! jjJJ 1_л jI£a ^Э tl AjuLaa]! 

f J^jll 0 jA LjIaI ^^JjIj Lbjjia ^jj]! tJU JJjLaA fijjj^. AjLiluj! (jjjuj! t<*jl_AA]l 

.(JaHIL 4_iLvV jj^JIJ 

^-iVjJalJlj (DUV) ('LjAxilj 4 \y Jl jj3 Ял -ujV! La! JC. Jjj] jjgJa £a .3 

JSJ 2000 $ ^JIj^. ^Jj j! ja]I oJa l Qjll£j Ui^Jjj! сАл^1_аа]| j! ja]] ^Laj^]! 

2 СШ JajS ^ЛУи*п ^ji]! dlljjjlxL! jJjJaj ^aJ CL Lll£j]l jjaiVl (_^]j . (jj]lc- 

^Luic. a£Lauj dijl£ ! ili .200 mm Jj^Luiaj s jj£j <slij ^Ual Ал^ 1 _аа]! £ jLJ! ja 
bLx 3 (_^Lj ^! Ал^!_аа ]1 jjLJ] AjjIa]! <j-uii]l 1 аэ cO .6 (_im ал^ 1 аа]| jjLJ! 

?(S JJ* jll) Яэ1э j]| ^gJc. 

^^iLua]! jaJ! ^э j jjjui jj! jj]l l_j!jj! jj£j sjj ^_lu-a ^э J_ij» i-oll ^ iu» jjjl .4 
?Clij]| Jji^j (_^J Ajljjl jji^j (Jc* ! Л^- jjjjc* jj^U jj^j 1*^- jjjiuusa L^_1 a 

Uij^. Li!jc.jjj] ^IjVliiiL MOS cii! j jjjui jj! jj] l_j! jj! J_cl u-^ 4,jLc. l L-o .5 

?(. \y ja j! L_l]l_ui £jUa Cllj <*jl-AQ й jl_A ^al ,W‘uJ jjJa^V! j-Q (Ja . LllLjji£]V! 

? j j^jLJ I ja V jj GaAs цл jjj^ jl! jjLa jj£i jl ^j Jaj 
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j-a dAj jjI ^aUajj CllljjjjfUj J-oj^. Us! jC-jjJ ^aUaj JaC-l .6 

x-^VI j^J! t, '<jks-i') ajc. (J-ol£j| jjaj*J l£ Sjj^-o 30 nm 4(j!) ^UjUbo J-oj^. 

?l jLU J 4 I ^-aLUI <j-Q ^Cjjj 1 .Qg, j.Q (jl .(^JUJ! j)JJjlc. ^ WlU 

jW'n V JjJJjjljJ-o Jjjj^-l^j^a J)-a 4 jjL1ujjj£^ ^ijL^J L-fllj^j^! AjjuiLui^. jl JjJJ .7 
(_]£] c_ij^]! ^^Jc. L_alj^-jVI jljUa^ L_fllj^jV! AJxjjLui^. jjj^J ^aJ . ^Jul^J! AJj^J 
jjdijj (J-«wtj jl 4 m a AijL^. ^Jc. Aj! t(j! .AijUJI ^^Jc. <aUa-<i Ajj]j 3 Sj^.j 
,4\~\ J'JI AjjU.! ClJj jjVI (j -Q ^ jj (_^V j! cCjUjjj^]^] JjjjiU! 


References 

1. Semiconductor Industry Association (SIA), “International roadmap for 
Semiconductors 2002 update edition”, International SEMATECH, 
Austin, TX, 2003. 

2. M. D. Levinson, in: Jcipanese Journal of Applied Physics : vol. 33 (1994), 
p. 6765. 

3. M. D. Levinson, N. S. Viswanathan, and R. A. Simpson, IEEE Trcins. 
Electron Devices, vol. ED-29, 1828 (1982). 

4. I. C. Kizilyalli, G. P. Watson, R. A. Kohler, O. Nalamasu, and L. R. 
Harriott, Electron Devices Meeting, 2000. IEDM Technical Digest. 
International, 2000 pp. 829-832; H.-Y. Liu, L. Karklin, Y.-T. Wang, and 
Y. C. Pati, Proceedings ofSPIE, 3334, p. 2 (1998); M. E. King, N. Cave, 
B. J. Lalch, с.-С. Lu, K. Green, K. D.Lucas, B. J. Roman, A. Reich, J. L. 
Sturtevant, R. Tian, D. Russel!, L. Karklin, and Y.-T. Wang, Proceedings 
ofSPIE, 3679, p. 10(1999). 

5. M. D. Levenson, Proceedings ofSPIE, 3051, p. 2 (1997). 

6. K. Kamon, T. Miyamoto, Y. Myoi, H. Nagata, M. Tanaka, and K. Horie, 
Japanese Journal of Applied Physics: vol. 30 (1991), p. 3012. 

7. W. T. Silvast and O. R. Wood II, Microelectronic Engineering, vol. 8, no. 
3 (1988); A. M. Hawryluk and L. G. Seppala, Journal ofVacuum Science 
and Technology, B6, 2162 (1988); C. W. Gwyn, R. Stulen, D. Sweeney, 
and D. Attwood, Journal ofVacuum Science and Technology, B16, 3142 
(1998). 

8. J. P. Silverman, Journal ofVacuum Science and Technology, B16, 3137 
(1998). 

9. R. Leynman, “There's Pleanty of Room at the Bottorn: An Invitation to 
Enter a New Lield of physics,” Talk at the annual meeting of the 
American Physical Society, 29 December 1959. Reprinted in Engineering 
ancl Science: vol. 23, no. 22 (1960). 


78 



10. А. N. Broers and M. Hatzakis, Scientific American, 227, 33 (1972); D. 
R. Herriott [et al.], IEEE Trcins. Electron Devices, ED-29, 385 (1975). 

11. E. Goto, T. Soma, and M. Idesawa, Journal of Vacuum Science ancl 
Technology 15, 883 (1978); H. C. Pfeiffer, Journal of Vacuum Science 
ancl Technology 15, 887 (1978); M. G. R. Thomson, R. J. Collier, and D. 
R. Herriott, Journal ofVacuum Science ancl Technology 15, 891 (1978). 

12. Y. Nakayama [et al.], Journal of Vacuum Science and Technology Ba, 
1836(1990). 

13. M. B. Heritage, Journal of Vacuum Science and Technology, vol. 12 
(1975), p. 1135 

14. J. M. Gibson and S. D. Berger, Appl. Phys. Left. 57, 153 (1990); L. R. 
Harriott, J. Vac. Sci. Technol. B15, 2130 (1997); H. C. Pfeiffer and W. 
Stickel, Microelectronic Engineering, 27, 143 (1995); H. C. Pfeiffer and 
W. Stickel, Proceedings ofSPIE, 2522, 23 (1995). 

15. L. R. Harriott, S. D. Berger, J. A. Liddle, G. P. Watson, and M. M. 
Mkrtchyan, J. Vac. Sci. Technol. B13, 2404 (1995). 

16. Lor an excellent review of focused ion beam sources, systems, and 
principles, see J. Orloff, Review of Scientific Instruments : vol. 64 (1993), 
pp. 1105-1130. 

17. Lor a review of relevant sputtering mechanisms, see A. Benninghoven, 
L. G. Rudenauer, and H. W. Werner, Secondary Ion Mass Spectrometry 
(New York: John Wiley, 1987), chap. 2 

18. J. Melngailis, in: SPIE Proceedings Vol. 1465, “Electron-Beam, X-Ray 
and Ion-Beam Submicrometer Lithographies for Manufacturing,” ed. M. 
C. Peckerar 36-49 (SPIE, Bellington, WA, 1991). 

19. A. D. Dubner and A. Wagner, Journal of Applied Physics : vol. 66 
(1989), pp. 870-874. 

20. M. H. F. Overwijk and F. C. van den Heuvel, Journal of Applied 
Physics: vol. 74, 1993, pp. 1762-1769. 

21. R. L. Kubena, F. P. Stratton, J. W. Ward, G. M. Atkinson, and R. J. 
Joyce, Journal ofVacuum Science cmd Technology, B7, (1989), pp. 1798- 
1801 . 

22. See, for example, A. Moser, C. T. Rettner, M. E. Best, E. E. Fullerton, D. 
Weller, M. Parker, and M. F. Doerner, IEEE Trans. Mcignetics, vol. 36, 
2000, pp. 2137-2139. 

23. D. M. Longo, W. E. Benson, T. Chraska, and R. Hull, Applied Physics 
Letters: vol.78, (2001), pp. 981-983. 

24. Y. Liu, D. M. Longo, and R. Hull, Applied Phvsics Letters: vol. 82 
(2003), pp. 346-348. 

25. J. Melngailis, Nuclear Instruments and Methods, B80/81, (1993), pp. 
1271-1280. 

26. Ch. Wilbertz, Th. Maisch, D. Huttner, K. Bohringer, K. Jousten, and S. 
Kalbitzer, Nuclear Instruments and Methods, B63 (1992), pp. 120-124. 

27. L. Scipioni, D. Stewart, D. Ferranti, and A. Saxonis, Journal of Vacuum 
Science cmd Technology, B18 (2000), pp. 3194-3197. 


79 



28. J. Melngailis, A. A. Mondeli, I. L. Berry, and R. Mohondro, Journal of 
Vacuum Science and Technology, B16 (1998), pp. 927-957. 

29. W. H. Bruenger, R. Kaesmaier, H. Loeschner, and R. Springer, Mciterials 
Research Society Symposium Proceedings, 636, D5.5.1-12 (2001). 

30. G. M. Whitesides and Y. Xia, Annual Review of Mciterials Science: vol. 
28 (1998), pp. 153-184 

31. R. Hull, T. Chraska, Y. Liu, and D. Longo, Mciterials Science and 
Engineering, C19, (2002), pp. 383-392. 

32. H. Schmid and B. Michel, Macromolecules, vol. 33 (2000), pp. 3042- 
3049. 

33. T. W. adorn, v. R. Thalladi, J. C. Love, and G. M. Whitesides, Journal of 
the American Chemical Society, vol. 124 (2002), pp. 12112-3. 

34. See, for example, J. C. Love, J. R. Anderson, and G. M. Whitesides, 
Materials Research Society Bulletin : vol. 26 (2001), pp. 523-529, and 
references therein. 

35. See, for example, S. Y. Chou, Materials Research Society Bulletin: vol. 
26 (2001), p. 512 and references therein. 

36. M. Colburn, T. Bailey, B. J. Choi, J. G. Ekerdt, S. V. Sreenivasan, and C. 
G. Willson, Solid State Technology: vol. 44 (2001), pp. 67-78. 

37. S. Y. Chou, P. R. Krauss, W. Zhang, L. Guo, and L. Zhuang, Journal of 
Vacuum Science cmd Technology, B15, 2897, 904 (1997). 

38. W. Zhang, S. Y. Chou, Applied Physics Letters: vol. 79 (2001), pp. 845- 
847. 

39. Molecular Imprints, Inc. 1807-C West Braker Lane, Suite 100 Austin, 
TX 78758; Nanonex Corp., Р.О. Box 334, Princeton, NJ, 08543. 

40. See, for example, H. Schulz, Н.-С. Scheer, T. Hoffman, C. M. 
Sotomayor Torres, K. Pfeiffer, G. Bleidiessel, G. Grutzner, Ch. 
Cardinaud, F. Gaboriau, М.-С. Peognon, J. Ahopelto, and B. Hediari, 
Journal ofVacuum Science ancl Technology, B18, 1861 (2000). 

41. M. F. Crommie, C. P. Futz, and D. M. Eigler, Science, vol. 262 (1993), 

pp. 218-220. 

42. S. W. Park, H. T. Soh, C. F. Quate, and S.-I. Park, Applied Physics 
Letters: vol. 67 (1995), pp. 2415-2417. 

43. E. S. Snow and P. M. Campbell, Science, vol. 270 (1995), p. 1639. 

44. S. C. Minne, J. D. Adams, G. Yaralioglu, S. R. Manalis, A. Atalar, and 
C. F. Quate, Applied Physics Letters: vol. 73 (1998), pp. 1742-1744. 

45. R. D. Piner, J. Zhu, F. Xu, S. Hong, and C. A. Mirkin, Science: vol. 283 
(1999), pp. 661-663. 

46. C. A. Mirkin, Mciterials Research Society Bulletin: vol. 26, (2001), pp. 
535-538. 

47. F. M. Demers, D. S. Ginger, S.-J. Park, Z. Fi, S.-W. Chung, and C. A. 
Mirkin, Science 296 (2002), pp. 1836-1838. 


80 



>\и cUiii 


g^! il! И! 

Self-Assembly and Self-Organization 


•? >J| '-''^ J CJJJ^Jjj -v ‘j4-^ JJJ 


jjaui juuLuiLa tuiujjj^-a! ; QjAuijuuLuiLa 4t л! л tfr'jaj^JI 


The advantages of self-assembly 


Jj) jJI qaaj 1\ Uj- 4 1.2 


j^. ^]j j j^kJJ jlj^il! j^al\ j! ^lxJ! ^cjjlj j5Lja (j-oj ji-o 1 .>»! J CjLj 
4 La^klLo ^g-ic. Sjjiil! Cl)j3j ^jl! Ьл. j3 jj£J! jjlaJ £_aj . ^ijj^J! U! jJjoia ^jjj^ 
.(Jjjlji! jjjLiil! (J jjjqbaJ j!j-<J ©jjj^. j-al ji. Cjjjjj! tlg \j\*4 1 j j! jaB jjl jjj-alii 

Sjjlill j <, jj» 1*'а\1 (jjjLiLallj jlj-oil jjiiAllj ^! jil tiijLaii! (jjj ^jJl jij -ilj 

CilSlSj tdli U jjjjj <JloVI ji&! lW j) (Miniaturization) jj» ^MI > Д^ь! jll 

. jiUJI !j^_i ciij^^il xa! jl! ( jij n-aSJ! 

fijJJ^ ^aU. ftjU j-o jlLaii J jV! 4 j! J-al! jXjuAl j\jj x ^ iLujI jLiiijia cjiiLiA 

^ic- ! j-o 0^jlb Aiijkil й U ^] jLoij . jj! j ji! ^j-Q jjiisjj jj*-® cJ^jj Lg_iS i" ^ n ^~ч^к\! 

jc. c> ^Ljj jjj£j > ^jjLil! liijiaJI j .(Top-down-approach) jiJ ^] 


( * } Roy Shenhar, Tyler B. Norsten and M. Rotello, Department of Chemistry, 
University of Massacfhusetts, Amherst, MA. 
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JiJ j-o ijjjjia]! оЛЛ lII .UL. oJbt-o 4 3o4l Ua j Aiaj^n djlij] ^xjaVi jjjia 

jl j cLjii jj£1 aj^Ia Lgjli ^jJal j ja LSj .(Bottom-up-approach) 

.Aijjiall oC^J ^jjj JjL]I C1jU]11q 


CjU jLi]I jja ksi") oLj 4_g_^.j-U! Jjg ^ll ^^Э l-i-ol-ij jl jjLVI jlcLUI Ag-Ci cU 

jj-o jjjU ^jjj ^ja. jl Jj£j jjiiij UjjL» — Д.С. jjjJI ^ilc. ^i-o i. iia^ — AjjUj^LII 

gi CjI jji^Jpl j5ll ллс. g-Uii] g^VI s ^Ц!) j^UU' (Moore’s law) 

. ( j-Q j]l £-0 C JJ JJJ-(d£]| ЯЭ1Э J 


^jillj l jx-o^ "^jUll 0g_jJ!" aLb^J! i_ijjjj£]V! CjUjLJI j u-^j ^i ^л Vujj ILa 
£_ i jjj A-oj^jLo Cjjij 4_i^. j] jj^ djLj* diJlj^a tcilJi ^-oj .J jV! Jj-aL! <Laj 
jji_x-aJ jli ." jjXdvaMl" jl_J-u j ^Э jlj-CijujU 0^j]l ILa ^^Э 4 Ij>-o1 j-UI jjj (Jj^i jl 
^С.Л"и j La-o c jj -^аэ! C1 jLj-q ^1лУии1 lUojj A_jj jjCa]l Li! jLjjj]! 4 i-i * i jJ 0 -o1a]1 

^pll t(Deep and far UV) sjjxJIj Aiuudl Ua-uijJI Jja Ял*ЭД1 Jl J j*^ J l 
. AjuLa-q л! jaj t(Masks) ЯдСэ! jjvi ^ Д_1о1£ cijbjx^ 

^.xuujj ^ji]! (4-1 Sjii]! jinl^ jjjj^lVl L-oj^. Liiljc-jjj A_uij CjUILI LaI 

^LUbU (Lnjuoj сЯ]1хэ jjL JLilbj iL^iix_niaj <LU_uii-Q ^g_3 (j jiUll j-dlji-Ulj ^-U^La cjiij 

.(Mass production) <^&\\ 


JjLlj J-oVl J lUa'n Lo^ic. jLjC j.W a Liil jLjjJII ^jiLjia LiK jli j 

j^j] o-liA^. c! ja jj3 jj lUa'n 4o jg_^.V! jltd-aj 4 \x-al j-Uj 4cUi jc. ]lUja3 . jUtjL/l Ajj]>Ij 
djUl^j cii^jUuj сэ 1^-jV ^Ulij 6 j jliuj ji! jill i__jj£j! ^Jjlc. ocLa£ jjLLUl ли<Л1 (_L-a 

,'l^j j^a 


Д_111£-й| 4 M ^gic.l ^gij Jijuil j-e" 4 j~Ng 'ia^ 4^Jjj^i! ^jlli]! ^j-aVil iLjJa jijjj ILa 

jjl jial! (jj*JJ ^1лУи*У1 ^i ^ jlil! AjjILaJ 1_^_1э 4 ji-QjjUll (jUai Л jCoU-Ul (Jjj-a jll 


." JLI ^J (^ic.! ji' 0^-j ^gic- Ьл -Cix-Ul 
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4_kli 4_ujj^. ^Л£а jjlv il j-o jjluJl jjjbLo 


AjmJall 


(j° 




L_J jlujb (J£jujJJ A-iJjj^. C-LjJ djl-Wj p\A>.sb\\ (jj! jia jC. Да1х 1! L‘ 1-4 n ;(Дла C1)LaJ jjl£) 
(jj! jia (_ja jjC. ^^Э ^jjlil! £JAali]l (jjia ^'jjJJj .^JjllaAj o J.W.Q ^^_ij (jjj^Lil ^^jllij 

ц^ -Wjll (j^ij tAjjU-a^ll Ajjjj^Jl ^IjjII С1)1.1а. j jLajl <n v^j ^l Д-ДИаИ ^jjkjll 

.l^jli £Ja^j 11 AjIaC. (jjj! jial! аЛЛ A ^. I jj (_£j]l ^umJJ^ll 


t Aj jl jAjj-til 4 jjj (Jjaj V ^dll CjLjj ja_ll IjA Л_пха 11 *Uj]I djl^. j jl Lajj 

t<iljji! CjI-Wj )L--i <L-a\jAi! (j-alj^Jl j)A-da 4 _аС.Ла jaV )11 Ц Jvs j) j£j j)! <-__l^.jJj3 

.AjUxJ! йЛА ^Э j-AujL^. й j ]->4 1 g AjAJ>--lj La 

V 4j^]j cAjLaj 4_1 а Jj£l Ajli Ла -J IajU LaIc. UU. jxj ^lill ^JAalill j)U tdllil 

j)li "JLj! ^l ^g-lc-l" ^ji! (j-Q (jjajajll ^ 5 -lc.J C(j j ^-1 A_l^.lj j)A .AjIjVI <U. 1 ja ^ (Jl JJ 

. )-аЧЭ ‘jjjj -^аЭ 0 JJ 3 Л 1 а jjIJjj! ЛЭ ^jlill £_lA^ill lLLiIaxj <j-aLaJl djL-ul jj]l 


оа 2.2 

Intermolecular interactions and molecular recognition 


)U1! Jjl^jli ^aALuuI! JJC. -iaJ jll ^^ic. AaJxaII 2б^1л11 ^XJAjjiil 
L_iliaJjj п»Д£11 AjaALujjI! Aijjiail VLx3 IjLjJ cJjjj ^-1с- I Cl)l » jaV'i jjl jjl o jjxaJI 

. j 3 j! (Jj-saLaJ Jjxj! С(_)э! Ajjj^jj Cl)l jJ-i *4 


V! jo" _£ <a,w‘Lua11 j (Kinetically labile) L£j^ ЯШ1 а 11 Cjblc.!iji! jl 

t jliJI «.UJJI j jlill Supramolecular ■ ' jjj=. jj 


j C. l*-a ^V'l jjll CjLj jaJl Ja l-lia, ©JJa-aj ©jjxA 4 j1aC. "jjjja. (JjS" jl jyjU' (_3J^ ^JaViII ^ ^ 

IjJJ^ jAj iCjtljjaJI Ja (jJJjl j» A-IaLujJJ jj^JJ jl ^^JjjaJI jjj ^xJAaoll jfLaJ .<jaAL_ujV Jajljj jjjla 
j£-eJ . jl t^^JJjJaall t(_£jjSJI (J j uil' J^L jill djljjjaJl jA t."ll» лул ^jc. jJVjil ^ЛУпи) Lc 

^jl (Jjx-ajlL ^aujj 4jU IjfLfc j . jjajj£jLJI j jlajjLil jjj IajIxjI ^jl jii jl AjJjjaJI jjS t." )1 »ja-v")11 

aJjLu» jIxjI (jl Ja.!j £(_£ ja. (j® JJJ^J JSI t - J l jL-v ^ (jJoL-ajll ^tgjll ^'j-v"n»L UjjLll c")l nl^ll 
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^Jc. 0^-^i i ЛА (_£ j-l^. i & jJJ . L_3 jj*ii j-o i_iLk j й jq"n ja Cljl » jx>~n'i (Jj^jJjj 

^jxu-a'i ji . ji ^^Э (jjjJaxiij ^^jliljVi ^J-a'vMi (_^ic ajCl^li 4 ia_n jJI <iLij]i dii^^ j] CjCujli 

^JJjjj l '<if \ j ? JLstili £ i jiii AjijUa j La I jjJJjuiJJ j jjJJjJaS ^ ^j]ai]| i^a'L CllL j£ui! ь ЛА 

Sjjjjaj jjCi Jj^jjjli ClAij^ll ^Э 1 g ж jj ^_аЛ-л]! ^^^ic L_fljxj]i Ajj-aLk ^! jj 

jj^alix^ Jijjli ^^ic- jninq'ili jJjlA ^i jLi^j/! j-Q JJJ^ jLujjj ^^jlil! ^j^Vlli 

3.A_ijjj^ii 4_^*jj]ij ^jjj^ii L_ajxili 

jj3 ^jjl! ^ ^аЛ Vn j'i ^ji!! VI jiil" (jo <ailk-Ui ^l jiV! l_sjj*j t^i cil 

: lU^ j L'A^Lci jjc." VjL U-a (Supramolecular architectures) ^jaJI 
- L_iia£]l ^Ljj c(Ion-dipole) ^_±кд]| ^Lj - jjj! 4 jjjl - jjj!) ^jijjVl cjblc.l£i]l 

iClilLallj 4 ( 71-71 Stacking) К-К (j^aijilij (A-iiiakjjjj^i! iajljjlij t(L__liak]! ^LLj 

Cil jJhll J t(Coordination and dative bonds) * ^jjj=UI J aLClJI ijl jjll j 
J cDlc-liJI » ла £ jj Jil ja-j^ ^jjj .(Hydrophobic effect) &U1 ^ujUI 
CiljJll) (Supramolecular synthons) UjjUI jj CiU jUU jUjj .1.2 JjjUI 

lL*^j .1.2 (Jj^il ^ L^j^-d! CublcliU! (j-o jj£! j! *o^.lj jjj ^Vi (jl (i_L-£aiiA]l 

L^ ajcil! j AjjliiiVl bcLj (_з-]с- ( j.iq]"lLx> ^al lil£ (j^Lij-o) 4 jj£l jl jjlc-lij (jjj 0-оЛ 
(j-a <jUL 1 ! ола» a\I c 1 iL*_a^-a]I Ajjljjjjoil bcljj ^4Vs j cA-iiLL! Llii-i^ji] t__aj£j]| 

.^liiil! ^lA^lill OJJJJJUJ 

Clili С1з!лл. j ^аЛ VnC'i J£\ ^jj j^i! ^lill ^j^ill С1з1 jjjjjuj с"1х>ЛУ*пи1 C3j 
4 L-saJj .(J jiLll (JjjLLL! ^gij Л*1л> i (_ji]i йЛ^ж jq\I j 4 i ix>\l ^^_ii]! (j-® Sj3j (jJj^lii j)J*-A 

4 ^э AjjjjjJ! <^-qjj]Ij 4__fljxj]| jx-saLic ^э ^.La1x]I ijj l LiLill cii! jkl! 
V iiljll aIjL^ (jjiLll (jjjLLil j (Macromolecular) ajjjSLJ! ciAjjj^J! 
(jjj^LJI (JjLLaI! ia-ai Л Saxl\ Ljjjj jia jxij (Nanosized) jjLl! ^ -ч ^ j a-iLiLj 

. 6,5,4 (Macroscale regime) 

<г jjll jj3jj fC Uco : Coordination and Dative Bonds Sjjj=JI aJojIjII ji AicJI CLJjld** 

^jiJl tejj]l (jL. jllaJj .AJLaIa ^Jajlj jj^JJ tA^jULail LjljjJI (_£jU (JiS j* Lj iLjjj^V! j-e tUjJUjLall 

o jj]| 4LjLjjj£iVI ^jj (^! 4(j j^VI ©jj]| 4-Ju-ajJ jja. ^ t<ajLa]l ojj]l LjLjjli]yi ^jj jSjJ 

. (^ajja]!^ 4ч i\ a\I 3jj]l (j-c -L^.ja 1 ! ^ j^ >>i\l .ojjj^a]! mJsjIjJL aJojI j]| ajA L_ij3U iii]j£.j . 4 jL^il 
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CJUjjaJt (j . u СС1&Ш21 1.2 JjJaJ) 


JUI 


t 


'Jc-lilll лрС 

(kJ шоГ 1 ) 


Je-uali 



. . .aja 


(uJ- jjj') 190 < 

SwjIjS GSleUS (vJ=i)i -jjji) 120-40 *jSUI »bj$Sll 
4.oO.-tJ l t- J W ЛИ ^ (uiLUl ^jLjj . L-iiaill (^jLjj) 40-5 



(JamJ ^jII («&« — ^Л* СЛс-Ш 
4 *ь 5 й t> 
SJfclSj jj3jjj £uL* Ai^jj 


(4i«) 40-15 
(Ул-) 15-5 
0 ч~*) 5 > 



Q Jklj (ju ujl^J i_5j* 
sjiijl A^jjoC. «iL. 
aj^sll AjjLitit ЯИ ^1 £• 

|-| UjJStyi 

o 


(Ч)М 15-10 
(A*jSa» 20-15 


1 ^ 4 -jX 1 -M >' 


1T-1T dCScliS 


20 — 22 


L jLull ^jLjj Aj*jm 4 AjkaJ kljbUj 
(jjiil (jjl tffilfi) t lirtll ^jLjj — 


<5 


GjmuII jjS 


H 2 0 

I 1 1 1 


X 


H 2 0 

N 11 


jjt lul jj jji fl£ ji & jil 
(j£*Jl jl (^jU JLi j (^i «ЦдУ 


40-5 ijfr 


* Lfcll ojiU (JjI jjjIj 


l 

м 



S . 

| J 

ТдЦТ- 


380 - 20 '»>i* 

(Dativebonding) 


. J ‘Uali Jt 4 u.n'b jUjI GjIjj 
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ajLU ‘ iiai * * J ejjSjII jab J jjkjl jjla.) Jlj ^uaj Jj£jjj Sjjjjjj 1.2 JSjjJI 

^д>1 a jjjj-u jyj. jj jJajjj j t ^lxuijl Js. JIoj >i (Surface active) b~li ^kui JJl j 
jj> J - .AjUlU Jja, j£uu bIjljj «jU*4tt Ajjlc. AjjjJa. Ajjt^l AJjJa Ajjja!) . JilJ 

, (AjSjjjV) AjjU АихлаЛ jj jj| L-a 9 jCl 

^ 'jjbn j jIV jj|jJ| 3-2 

Self-assembled monolayers (SAMs) 

e(_s > t> jS-J' CiliJall) (Monolayers) ajjU.VI ejlLkll JA-ii jii * j 
C iliijaJ Jlilill (Chemisorption) ^Ш1 jl jieVI aLjI jj (Ш Ш j 
(C ia jll jjc. ^ ад j£j aLoll t_ia. ^Ciikj cilic сЛ1>>) Amphiphilic * L/jUJ 
I jliiuo Vliu r jkuJI J& (Hydrophilic and Hydrophobic functionalities) 

i q\ uali ^lc. .23 j . Лл^ 1 (Jjjla 1 -ajJ-Vn jjjfL} (jl S (Jj^. 

aIxAxaI aIoJJJ-oj 4pIa 1I L_J jij AjjaS Ac-ja^-o dlljjj^. 3.ITiphiphiliC Ajfulliul dlllj j^. ( ^ 

. ^^ajjaII^ «.Loll L_)j.2j Vj AjjaSV AjjjJj^jjAiA Ac-jAa-o 
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(SAMs) ^cLa.! ^^ji'U! ^iA^kiJ! л a)ViL/ vaiia -А]! ^UjiV! j* cj«^U! ( д! un^! 

jA <c. jIIa diLiiljj jjVi a q\j4 a (SAMs) 4-iiLal! cLa.! ^ji!i]! ^*jaVi\! j! £.*j 


jA SAM S! ^Зу ^ja *4 j)jj ^jIiuIa]! ^lil! jV cL_ixj^a ja! J>jI£ jl! j dAjjjaJ! 

SjjjJjuj (J!)Lk j-o <S ojiallA]! ajj£j]\j IgJaljJ (jU! J-C. ja~n a\! (jJj] -L-JiU! ^Ua-uJ! 

(Adsorption) j'jlaV! Я-ДахЗ <^jjj£j .(1.2 l£UJI) днЬ-^' jljL*VI 

Cll]>lj^]V! ^luiiui j'jilu)! (JAa 1 g Jaj '.la. <ii3j J-^Lauj Cll'j Ajjjj <ij]a ^^Jc. (JjJuaaJ! 

ijgb **»j c5^>^-! SjJi^ cJ-°! jc- t^JLiAj IJa .(CH 2 ciilc. ja -ча j-o JuibLui) (Alkyl) 

jA 4 jLJ! Я -pU.! Ajj'JJ! cIjIxjaVJ! j-o л q\j4 a\! ^Ujj' jjSv (jj-ia. jjjjj 
.AjjL^L/! <ii]a]! j Ъ jj£j]! jjj^jj ;<]c.li]! Д.С. jAjk a\! ^jjjj <. j'jilujVI 


1 — iftlll qa AjjIuu» ^Jauj Jfr AjlLaVI j jJaxJI 1 'JjjjII jjllJa .1.3.2 

Organothiol monolayers on flat fold surfaces 


(Alkanethiolates) JJjjlHVI aLAJ SiJall ajjUJ Jliil ^jaajll <лки1 

AjJ^p J£VI t^jjA Л1 Jja ^Jajqji ((Alkane) ^jlAll aLjjiLoj ajI^j з SH ac. j) 

Cjljijl - ' g LL ."п J^a. jJ w.i'11 Aj J AL I A а 'Ull jl jLLJ j 4 lajjjjil jl JcV' sjjjJjjj t _ 

clgJaLiij L j~n Ajj .l_iaL]! jxj ^Uajoii dll^)j£ o jj jjuall j jV' ^LLU! ^Э ^JaVJ! 

jjc jla cijlc-lij ^jc. (laterally) LniLa. ^UaiiVU dillijaJ! jj£]V! JjuiLu) ^jii 
l^cLJ ,ji!J ^j-Q>j JAcii j! .<-^! jid AjcLa.! Aiila jjSun' (Van der Waals) j]jj 

A j)al! ^Э L^a.!jCV L-jjUaj]! j-o CCxj ^LiiJlj ^ia-uiI 4ja.jU ^UjlaA L_lAi]! ^Jc. <iila]! 
(_£.J_a.! ^ji'il! jaV J! j j i'^Jj .ScixA ^ jla-u) jaVi! ^jIIa jLula jj3jJj c4_ijLa.V! 
jl_uaj]L/' (Jii-Q 4 n n j^!j]a] 1 lAg Э j a L-IaU! ^Jc. CllV jJJjll^V! j-o AiUa]! 

J^Lil! j c(Wetting) L_iUa jil! j c(Lubrification) j c(Adhesion) 

j-a>jl! ^Jau)V ^-Auii (jj^.! ciiLilij 6*ojja.V! vijV' ^ cii jijj cij .(Corrosion) 
оЛА o jjLJ! JaiAli]! CllLilij dlj^Ja! La£ .fiCixA JaLiilj ОкЯ u' 4-illa]! A-iU-a.! Jill 
CnUlij ^i ^ji'U! gjA>jfl oCjli AiUal! ц£с1_а) ^ji'il! ^jaV'J! jjAj^ ^JJ 4iLjaL/U сЯх -Cia-a 


. Д_1 jjLil! j AjjjlnJ! £iix-ai3l 


• (jj> *»^У! jLLo dijjj£]! (_g jj'vj Jjaili AjLuLa jjuat lj£ja ja Xhiol Jjii]! 


(*) 
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I X(Cli,) n SH + Au° > X(CH g )„ S'+ Аи'ч- 1/ 2 Hg | 

_J_ [ca. 30“ 

2-3 пгГ1/ ////Ш/^//Ж ^ ^7(СН г )„ 



0.288 nm 

0- 

j! alkanethiolate <> AjjIaS Aiaial ^ . laJaVi JjIaj :2.2 

JVj aalau ^il ^Jjj Iaj c^jLil ^Ja-Ll AjluuIL 30° AjjIJj Jjuj Jjihfj JjubLu 

ljA ^Jauj ^Jc ^jlxuj L-iJaju ^-ujI-Iuj JjLuu ljjjjIII Lj)jj ^JaD jiaj . jijj jj j jii a2ui1uj 
.LjL^V! AiJaij ^Jauj >Luu£ Я JJJ cubLil^! JujvLuj ^^Jj ^uij X ljIc- jj>j j2 jj .(111) 
.(ali juij Sjjiau» A£ ,j^ Wiley-VCH verlag j*ui Jj c> uiL 12 j^jAi! c>) 

Jfr AlJa]| Jjlill ^jdVdl ljIjja 4 Aj-lajj iAjjjj JjLuu Л. 1 . 3.2 

Formation, structure and characterization of SAMs on gold 

1 g'n'n L_flLuajj <ilLa]j (_£jl_^.l <^jllll jj^ »n ^LaJ^ dluijj л£1 

4 aL'iL/ ^jjlujjj Lg-jV 6 ^JjJa! j-dij aLfc цС. а j>.jA A а! liA L_fljjuij .^£_uilj (jLLaj <^ic. 

Alkanethiolates clLjV j^njlllbU Ljji а1±ь1\ <jjLJ j£uu .SAM 

Jc-lijJj C. '^u-o jJ ^aJ i3j . jLkj jj jjW a j! jJa! £jJJ>*J (> j J-ui S_JAli! <^Ас. 

^_JajA La£ cL_iA^ij ^LanL^ 3 C1 ijjj£ ojj j! jLoL/ 4 >j'i tjusa^j Ajj ЛчЛ» j (jLll 
^xj ^jj <ijaiij j! jLoV! cuLlj jj ja ^ojij 6 2. 2 j^-uiil a *ша11 aJjLxaII 
djLjali ^jj iij ^jaViII <^Jc. (Kinetics) 4 j£j^A! djLuil jU! jj Vj cjAl£iL 1 g » j 

t_> jjja> jll ajlj^Jj <L>jj (JjLuja ^ <Lui1a jj jjA^/j jl jJJJ AjjL^.L/1 

bj jL jjB l-Uil LJja. (First-order Langmuir isotherm) j/i> ajj_>J1 

.(Unoccupied) jLJ jjc. ljaJI ^al j* jic. ^ 
(X(CH 2 )n-SH) CjV jijlSWl J> ;uu CjjjAII CjI jj J ^JJ jSJ 
(Hexagonally packed arrangements) L-aljLj ^_ui!.lu) 1 A iL l'l jLujJ 

^kuJl (> 30° Ajjj jj (jjlj uaII dllc. ja> a jj-QJ Lj .(111) C_lALij <^Jc. 




^ u^ij 1_лл1с. j .S J^jU! (j±i AjjI j-oll jl jj jj^ jli CjvLc-liij ^nl>»M ц^^1л]| 

CllLaJa ^ic. (J Jj-a^Jl (j£-GJ 4 c. «jVs J^JOlJ Д -uJ^-Q J C (n i> 11 ) Jj£ 1 V I <luiluJ (J jJa 

CjJ lili .( 2.2 l&U!) ^j^vJI ЯДс. (Pseudocrystalline ) ajjjL а_ь! 4jjU.I 

t JUIaII (JjJjoi ^lc.) 4 jJL^.V! AilLall c-L^j] ^] (Jj!i 1 a]I dllc. JX>~NX) JJC- 4 j^.jl*»j]l cl>lj^]| 

^Lxll ^jlVlMI j <JJ*j]l Aill^ jli c(<Jjlaa d>lc. jj'Nj jl (Bulky) 4 CIiLc-ja^-a =x 

. La£J jjLuia]! JjAic. j£-aj <iiLa]l (J^U.1 ^jx>V>\l 

jlaSj ^] ojLc. (Jj-gj SAM — S! (jl (j-a (3-^ ^ Jj & jLuiVI J«^aj 

jl V] tL^li^joij ^gJ] <jjj^]l (jjl jjl! <j1ac. ^Uj! Ajjli AjI! (Jblk (j-o g-lli^VI 

S! j u >> V i _Iaj>jjij ^Jc. 4 iij]| Jia (J-aljxJ A jdj Luijj Jl jj V Ll qjC. 

LJU. '-.'I ^j]| AjjoujJ dsbSxll jj> Sj^l j Lg_il Jt ull'VLJI оЛЛ ь j jxi J3j . s A M 
<!ЦЗЛ]1 . " 'I li j jjiiy I л. llv uaj] Я-« jjjo Sl jli LjuluuV I CjlflJal] ^jl L]l £_lAail]l j_o 

. ( Microelec tronic s ) 



SAM Jc. j jlU juij ja. (Reed and Tour) jjjj Jjj 41ja_j> ^hjhVi ^*-j 3.2 JUI 
t>> tjjjjlll. (jjJaa <jjj Jjjaj J>l (1,4- Dithiolate) i^jVjjj>I t>Lu -l,4-(jj>u <j.> 

. )i»j>*JI jLiu Aj£jjuVI 4j» даД ju rLejju 10 jj^juJI jj>) иДА>1 
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Д*аЛУил<аА CjI jjVI :i— iftlll Je- 4jLkl| jjLa,; Jilll ^паУИ! .t_i. 1.3.2 

<Цш ul j j| j-a fLuul u Aj t^jjiLuiVI Aoiijv CjUjjjjil^l 4-uiljJ J5 

.Aha'ta f'jlxuuj Ajjlajjlj 


Gold SAMs: Tools for studing Molecular-Based Electronics 
and Creating Nanostructured Materials and patterned 
Surfaces 


jj£i jl djjjjjuJI l_ia11I ^Jc. SAMs — Sl ^jiJI ^ugjoj uil 

LIjaII jc. jJaiSI u-Ajx^jj . \ g ^.Vqjj ^jjjLill jjjLiLoII 4 >.ил j ^»j]c. AjujIj^I ouc.la 

S jj£ji] AjL^jaSI AjtuJall jl Vj 6 L_lA ill/ J jjj]l ^с-л2 jji ^cjjj (jSJI Aj^jII 4jjl/n^]l 
(J Jg ~Чл]1 L \\^ jj]| djlilijj j-Q 4 x.jI1a Ac-ja^-a J fUlb ^LAjoJ L_1A1]I j-o AJxjjLujVI 

. ^Jjj^JI Jjjl_lLo]lj fi j^-^l J^J AJjoiLujI CllLujl jJ J jaJj 

^uij ^-0 Sjjj£ AaaAI CjI j jj£j Ajj jjjfllj Cliljj^A^ CjIjj j^JI £»>] oj 

C-Liixjl ^uaj 4 S A M II £.Laj£ ^al v -."' ■ ■■! jj jjLII (jjaLLJI A_l]LUI I J L jj£lill 

л А^а ул ^La jLaiLI ол AjL ^AjSLajj (Tour) jjjj ‘(Rccd) aij 
J jLII JLj -1,4- (jjjUI t> oxl j (jjLJ LL^ij (Conductance) 

• 10 (3.2 JLLII) шдЛ (> jjjjjjill jjj (*-1лхл11 JL ((Benzene-l,4-dithiol) 

4 .aJVjU ^Jjj^Jl jjjLJI j\j (JjIa]I l^xo]l 4 bs * l ulAjjj ^Jc. 4_uilj.2]l оЛА Cj.2c.Lui .23 j 
. I , МЧзм JJ^I 4 x>La'iV Jjj jJnSI tillcj C*iAg ^ C3j jVi j^-oJ 4jijj£]VI 

^(McEuen, Ralph, and Coworkers) LoAjXojj cc-illj t jjj£U j£jjI 

^ ju^j L qK j3j 1 .S.2^.1 j й jAj jjluijj|jj£ (Ja*j ^gJjj^JI jiiLildb Liij jjfUj IjlgA. 

Jajljjll djlclij tilli Uj *UJI CjULij (jai U-^aLX-a ^ljxuul J jl.,i jjl jill 

2iiLll >LJ JL jaa. JAiSj (Dative bonding interactions) jjj^JI 
Terpyridine ligands jjj-ijjjjjil! ol ЛкЛ j-o ^jj ^alu^Jjuil ^aJ .23 j ,<J^.j j-oj 
L_1A1]I (JA jjjjjJ^Jj j j-£ 3 j ^Jc. Sj^lij SAM jj^-uj] L^iSlj aU^.lj dl]ljj£ 6 ji (jjxnll] 
_!l Ц^1 ^kdiu: Jjkl (Fine-tuning) (jAi L»ju>»jij .(4.2 J£2dl) 
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dJbjill jji jjj ^jjjSJVI (jjSll ъ jLjuJI t> uj^M' tTerpyridine 

.Л_ш1лЛ Д -ijljj^ll CIjIj j jjLJV ' j (J j^j-dl 



Terpyridine Thiols — 1Ь ^IjIuoaII j ^ 1 \j JjjWI Uiibjill > jliiL (I) 4.2 JluJI 
AFM Sjj^a (lj) . AjI jj LjUjja^ jljjiLLujLI j jjua£j JjjL Jjjjsjjj jULaiLlujLI j 
SjJ jjlujjj' jll ^yiajla^jll JjjaHI .5 J J^J L>i]| > jjJjjjSW AjS'jC- jjL 

. Jjia-LI jjLlA^Lj LJ^L^UJ > jjb 11 £АЦд]| >) Ал| J ^луА 


jjSll ciilL) JjlaVI (Linker) 'daj'ull ciiLjj^J! ^uxU c JIilJI (Jjjui 

\_g_LLk >q jL-oj j c .iJ j j j jjL]j jj j jjjoi jjl jj 4_jl£ j ( ajtLn jL j\ g ~n\\ ( c_kxUaV I 

AjjL ju^-£JI u_aj\ ^.^тч\1 «^Vi\l jjjla jc. j\ g *ч\\ AjjjjjL]V! u-ajL-a^_l! Lj u>i‘i 

(Linkers) LjLLjIj ^лУи*п jj]! l_j j, Vi\l ciiu^Ja! cSlj .di]Lj£J! Sjil (aj'jL! 4_ij]ja) 
j^j j£ AjSaj A_Ji jvJ jjSl jj]! AjL-a jJI CjLujLS] jj£! AjjlL-oj (<_£ jS! u>) 
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JU^o ^ 1 Ьа .(Kondo-assisted tunneling mechanism) 

. ^jjujbdl Jj-adl ^^э Jjj^aJI ^ja aj Jaj а_ш j^il claLij j I 


(SAMs on Gold) 4 -а 111 AiJall ^jjUI ^j^>MI Inj^n 

jlj SAWjO <J^jLj J 4jj^)fLlA (_д-Ь ^LljV JaLoOJ o j^j ^gJU-dl ^aJJ VLa»A 

jj 3 Jj jA ^gjlill £JA 2 »ji! ^Lw'uJj o^J^. ^-JJj-aJ Cliljlij jJjiaJ £.1 JJ ^ i*m j]l xiUI j 
j-o" 0 ^j (^li]l jaViII jSjj . ^jjjLiLdl Ajjj-ojjlj 4jjj Cjli jlj-d c. <>Kx> jJCj jLuia 

LaJJj tAjJj-Ljall Lil jO jlillL 4j]\_^il <Lc.\jIa]l CljljLajl 4_1 a^a I "^^ici Л Jiujl 

<C.LlLa]| iijA*n ^Э Ll*3 1 g <L'qVi (_j£aJ V A-dajl ^gil cJj-ajjll 4 (J J*u*iaII ^^Э 4 j3 jJ 

<Jlol LjA ^giaxjjaij $ (Jjaxa (j£jjiJ ^ jjJa j-dL ji>*il AjC. 1 -li]j .i_jjjjJa]l Lilc. jMIIL 
.<ajJall (_^л 1 л .1 ^gjlill (X jaV'AI iijA n j СзАЛУии! ^jll <ailk-o]l l-jjILojVI ^jjjj SJj^c. 


^Э Lg_ix-aj ^aJ (^^j]! 4STM) ^^iijll ^joia]! Aj jg ^ a ^1л VujAj ojLdl dj jJk. лд] j 
AjjV! (_^з (jjjj лэ j . ^jj j^. (^Uaj AiLiluj! jjj-^aj ^gic. ajjli 4 ,L^ij£ (сл1й! ^Jj— ^ ail 
4_l3ljCjJj] i>jA*nl б!л1£ (STM) (^'iVil ^jola]! A-jjg y ^1лУии1 LiJajl j^A J Aj! 0 JJ^V! 
Dodecanethiol SAMs— 1! .Циш jjajc. *(SAM) а1±ь1\ jijJ j lil! ^ja>M1 
^^iiill ^joiaI! Ajjg t>a ^iajujljj (Voltage pulses) 4_nlj3 cijLjajj (jjfLaj (J^Lk ja 
ола ^э AijUil AjjL^V! <aiial] <1 aI£ Ailjl ^i) cIjj! ^pll ьА ^I'Ha ^iljA ^э (STM) 
j (Conjugated) Aiiljlo cjLLj> JLkJ SjLc.) ii^ic. j£aj . 13 (5.2 J^ii!) <*il jaJI 

^-uia]| Д -jjg ~ч a (jA -Lanlill jjj-ia]l ^uJajJ .AjiL^Vl <ilia]l ^Э <L^.V jjjui^A ^з! ja 

. AjjU.Vl ‘~> ' ^ ,*_il АлЗа^э^л jj£) d]Lu\}>J tjll.il ^jialj jfLiiJ ^jiaiJI 


t q ll 3aj ^сллЗ 1 * ■ »Q . (STM) л]1 ^jjaaj lajjmll <jlaj CIlq iHjl jal 

ASfkll J Juja.1 t_jjaj J (Diacyl 2,6-diaminopyridine) Jj jaJI i_i j*j 31 
(Electroactive Д-иЬ^£11 л2с.1а31 jUjl jja^L ^ . ^AJjWI 4jiLa.Vl 

АллАЬаиЛ31 Д;\ ; > jjj^ll 2Jajl j3l JLU. j-s AjjU.S/1 ЯаЬаЗЗ functionalization) 
(Complementary JAJI 3jL3L ^LiJl JjjjIjjjU (Noncovalent) 

.(t_j j i 6.2 JS13I) .ferrocene-terminated uracil) 
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huu" Jjlu (!) .5.2 

STM ( j QQ П | ^-uUI Auj g a\ 

(i) .AiLil jj li!l ^u-%1" 

^ u Vtll STM 4-ijg J* л\ jJ>uaj 
£» (SAMs) ШаЯ (ijUI Jlill 

(ii) ‘V,, (tip bias) Joaui qJj 
<UU i (jjjiai (jJjb jc SAMs ДЛ Jl 
U (jUi (iii) ‘i-iA jil SJjS j Jc V p 

(> Jjbui > jSij (ii) > fU 

(Oligomers) ciljaajiaijSfl 

Cil jAajijijVI JUjI (iv) ‘^jjl jiail 
jiljui > ^ialjUll (Oligomers) 
£(M*jJ STM — U 3 Jjufl (u) .<Uxoia 

(SAMs) <Ш1 (Jjui >!i 
(Dodecanthiol) JjUUjjjlb 
(Oligomers) ui juajiuljVbj 

J»J STM fl (i) .4iil jiail 
A 4ГЛ a jil Jfl Ajjlj > AoiUU CuUiflfli 
((jCUa) Culujfl> JUjI Jl jUU 
(ii) .JUjI jjjj SjxIj (Pit) SjUj 

c t < , >«i > J at«i * a t i ^^^^aj 

S jAaJI ^ Ijljlel j$ia! Jjjli.* 

J-a jjLa £L-a jja bj.a n (Ш) A\\ Лл\\ 
(iv) . (Jaialu ьа JLui AuujjIj jjI jJ 
j AajUII S jjuail 

Ajaju-a (SAMs) <LJail 
ljI jJ-ajioijbU ^Luuiil JljlaVI Axj 
A lal jj-ail 

jflaj (Conjugated Oligomers) 
^Aj-aJI (j-a) .^LuaII JjblubUI jUaVI 
<j£jjAV! . Ц» - а1 1 ja ^jjuajj 13 


5 ] 








Sjjjd (!) .A5 J|jaSI >ijil ^*ja!I Ajj^aaj jj^aj Ajjjja. ljIjlaaa JjSjju 6.2 jLujll 

diacyl 2,6-diaminopyridine (DAP) decanethiol (DAP)bjl j— ! STM Ajj$aaj 

(Fc-uracil) II JajljJ Jxj ajjja (i_j) JjjjjlSj jj AJalxj Ajjlxi AJjL JJj 

. jLjjiL jji*jA!! j jAUall jyljlSI ^lij jl > Jbjjl Ajjjj J a S a II electroactive JajjUjj^iil 
> Jjjaj (Electroactive guest) la»jUjj$£!! JIJjIjI J*j "^jjaaa" iajj (^) 

jjjU 14 jjxjaII ^>) . (Functionalized Uracil) Jl*i JjjI jjj-J A jc- jjSI Jj*jjJjjJ 

.(Aj£jjaV! AjjUaj&II AjxaaJ! > 
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(Ferrocene-uracil) JJ jjj-jmjji ill diSj > j£cj 

6.2 nll) (JiujjJjJ <LudLuj ^ic. (j jl^j V jc. jj£S ^.(jj^j aJIaiLujIj UjIjj^£ JajjjLjll 
C(jjjlil! j-jIjLaIIj Lij^'n <jlai£ ^jqqill ^uJ Ajj^ ^ *j£li ciAuuj!j£! олд dij^Ja! dil . (^ 
a_i3jjj£ 1V! j^ajU^^lb il_iiu£c. c^£jdill a_iaaLujj! 1S! djlc-lill! ^1лУи J j£aj c_ L£ cimjj 

J\ *dlli ^ tojLujV! jiajj .4_iJjj^JI dllxuxa-Al! ^^Jc. oddixuiSI ^iill! ^uulaS! Я -jjg ул\ 

Uj^viS !>ljjia Lii j jjiiLuiij Lnjuij 4-LiSaj o j j jjjui j tSTlVI ajj^>x> Lial jc. jjjS j! 
<jLaj£ <jjL-aj3l Aj^am C'u jS jA! jl! CliijS! > L^jli ^JSjSSjj c<ijall (jjL^.1 ^jilJ 

.Ajjj£ia ^jjxuaj 

4(6.1 fjJ3! Jii! 4|j,CP j! (Microcontact) ^jjliJ! Яс.Ш! U 

ljjS ^(Witesides and Coworkers) ajXojj jjJjCAj! 3 i jjkdl 

.Ajjljx ajjjmiJj c_iAiS! ^^Jc. A jS-aSI (Jjk! <ajaj >il.il! ^iuxalil! j-o -1 э!_аЗ! jjj£liS 

4jjl_a.l SAMs -LUj! Jj£dal SAMs -1 э!-аЗ! jj£julil jjLa i_ia! jc^jlil c'u jS ^jVq'iSI j 

jj-o (Дтаи (LL cAijjial! оЛД > -SubmicrOn Ajjj£ui jj^ ArnLa. j-aJ dili 

j!uu£ j'uj/n^Ai jj SjL (> >j£ ji -LLko > j (Elastomeric stamp) 
diliij^. > J jk jj£j ("y _з (Polydimethylsiloxane PDMS) 
с__1дл11 > o j£j SjIc. L'Ai jj — S! Д -LaLuijj <lii /Lj (Alkanethiol) JjilijS£S! 

jjc. (jkljm <а!и_л <iikl! (j-jk! >Ал ^ixmj Jl£.j dSSi ^xj (j£aj .(7.2 J£iiiS!) 
jklid! d iVi l-jaLS! jluiii j£m j! tJjV! -к«и11 ^LLi! л*_з (Underivatized) Я£1к 
Liijia ^.1 juiduuib iLia!l (ji-J >i!il! g>vsSS (Underivatized regions) iiLLJI jjo 

■ AjjSj^j^ j'jx>Vi 


^ij jil! c(Template) aJUS X<£* SjIc. PDMS — S! /i£ ^Jc. kml! jjli 

сД -ij jjJa l_ia! jC. jlil j!) Jjj£ia ju-o'n AjjS_ixui Д_1з! jC. jjJ djS_jSii ^jV'ui-i ojluuiiJ 
jjc. j <xj jjuj j Lkjjuij a Sjjuij ^Jt> LjS_a!iS! ь j . ( S_aa jjc. j t djLj j ji£SV ! a~& j^. S_ia! jo jilil j 
^SSg'ixxi^SI di3 jl! jV сЯкл1л <iilaSI (jjS_^.l (>!-L jj^Vi (> ол.^х11л ^cuuii jjj£il <а!£л 

j£ajj !_л£ t(Master) ajj-ujjjSI a ч x ^ iSl ^SuLjV i aL S л!лУз>.и1 ^jj <а1£л1! S_ia!jc.j!lill!j 

(J j£.l й jj-o dSSS-iAj .JauuS! ojjuj j jj-^a^. (JjS С1з! j-o S-lC- PDIVtS !! /ii. / ЛУии! 

<LLSi A_ij j-dal! S_ia! jc. jLSS! ^^^Ас. l_g_i jjLi (j_lCP) (Jjj£iaS! (jji*!}LilSj 4_c.S_ikll 
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^jlill ^ia^jII (JlkJI ^3lj-Q 1^ул 


Aj^Ij (j-<»j Aj W i-qII ^-jlajai]| lnj -а n ^jVI 

j cc_fll^laVI -lx Ajl y'uxiVI l q» *>1 |Д,СР (Jj-o^jIIj 

.(SAMs) sjiiJ CpUVl йШ 


Dip-Pen Nanolithography ) jAiJ Д1Ь AjjjUI Ual jc. «iuU Jlu 
(Mirkin and 4j!-La jj Jjs j« s jjiaJI 4(6.1 Sjaall jkul cDPN 

jJ jbi.1 ^caajjl jaJAJJ "aSjjIIj" j "jiJI" Ajjiil JjUaji ^a^-i cCoWOrkers) 

(Atomic Cjjjll Sjill j^ ^ ^jjIj илУи.'1 ^ic. ^igjJI I U j jUji ^.4_1дл]| ^ic. AiiUll 
Alkanethiol " jjjU JUl "Ji" _ U (4.3 s jSill jkul) Force Microscope AFM) 


(Jkioil) LjJAjil ja AjjaiLjVI Sjj£j]l JLjjI ^gil (Capillary) Aj J*_ uil SjAUall JULi jj 
-jA II Ajzojba JU. jA Ua£ ^Jjjail Uajil Л. U . jali kUla Ajlijll oU ^UiUa. .(8.2 

(jjlax-ail Jiil UU jiji j£_aj 4 _llii j-ij 4 (pC P) jjjfLca jl jj-aUUiU 4 гЛ \ Ull iijjiaJ 

й jj^jil Jl Ajjiil o jiil jjji_a VHS j-a . " 'I j> II jj 4 I n . >> jjUl-a£ jliaj jl (DPN) 
A-aji. Ualjc-Jjji JiLa 4аК"| jj£| 4jilc. ljUIjUjI dlli Uu-ajj tllUliji 4iiiUa-a 4 " 'I 'i' y . i £-a 


.(- 10 nm) CjU ,j jSJyi 


4 jjla.Sn tsy * axil jj^jljjil LjUjb .jr. 1 . 3.2 


Organosilicon monolayers 


fi jiil (Organosilicon SAMs) CjUU' j jUa*il jjULJI оИШ jl 
RSiXs) oUAUaijkibU Chemisorption (jUaKll jljla'VI j-a UjLiil 
jjjjK ja X j JjLiVI aLjLo. R Ujj^. 4R 3 SiXo jl R 2 SiX 2 ‘(Alkylsilanes) 

4 aw^. j& 4 jjjjqK jjJjJI IKjluil ^iajjil ^ic. (JjkiVI 4 _LoiUj 4j ^aJaJ — jjjoKjjjjA jl 

• 9 (SAM) 4ijail (_5jUi.i jiliil (XJaUiil ja (S^-aj jU.1 


(Alkanethiolate iiUJI (jal_J jilill jj-ajill CuY jA iUSil ^ JUdl ja UKj 

4 jUijil jjia (^a jl (JjK-a (^a XJ-ajiil 4jjli 4-ljU^I 4jjia ^ic. (Jjjja^il jk-aJ ^SAMk) 


jUUlu) LajjjJI L. aj| 4c.j-a^-a jijia (Jj-jaj jjjia j-a (JjVI (.ULail (^i ^JJJ jAj 
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Aifkll j ^ y'i L jli^j .(Silanol Jjj^bjoj) jjj£ jl Ь (Silane 

^^_11л (Jjl^ -л c^j^JI Ц 1 с. Aijall ^jjL^I j.o V) jj'qVi l. \я krfOj cSAM Ц- iaJ! 

^Laij бЛрс. J-ol jo ^l cilli j j*jj сЯ -LIj-qj^II Alkylsilane jXi^ JAIVI ьА* ^Цс. 
ajjjjjoi J!)Lk jJj^-j-dl s-Ldl Aju&j cajlj^il i_^.jJ l Jj-g 1 g \jS x'j'i ^Цс. ‘j jJ-ajAj.il! 

dlUajlj J!uLi. j-o jjj£j]l J! A jLill 4 jJ_^. 1 CllUjj^l -bjj ^aJJ .<ija]! (jj-^.1 ^xj-aVil 

a jjl^JI cjbjj^J! ^ ikjl jIq l$jj£ jc. Х-ьа tAjj ja (Silanol linkages) J ji^L^ 
Jj^-ojj ccilli j-q .^JajoJ! ^Цс. <*jai!j (Polysiloxane) jLu^j(nj\jj 4*s ni JbLk j-o 

j-a uj\ A ~4jVi AjUU 4j j3 £г usi) Aj jL^V I Aj jjJa*J! jjSjlxjll CljliJa jli c \,g h^L'n 

^JIj i^Jajoill ^Jj LiaaLujj 4jJ_^.V 1 AiiLal! jUajjj Si - 0 - Si jjjjji]! j jl jfl 


• l ^ xjiaj 


jjfLiluJ! j-o jjLj ^Цс. С_1ДИ! j-o *j.Vq» x> JaLaj! jjj^li <jlij jJjlaJ ^aJ t j\\.^ 

j-G J jjJaxi! (J Jjjll CJU[j-cj<; j* A-pLJ (." il'jLi ^gic. 4 _m-<Jl 4 ,j'n il dijlc.lijl! ЦУпЦ 

lj jjUl! JlijjVL ix-LiLalL Aijjx-UI 4 jVqMI w'nV'ij .^jj-jaxJI jjfLIuil 

Vljc-" — £ iSJal! ajjU! 4jj!il! CjUj*>M 1 c(Nanotransfer Printing (nTP)) 
Jj] jJ j^-Aj .s jj£ jll ^Jl 4 _La1a]I ^LHVI j-Q 'jjLLl Jij diLfLa] "jj^^'j ^^-aALujJ 

CliliJa ^Цс. CllliJa оЛс. j-c jl j-l^lj Aija j-o йЛ^» -q\ 1 iaLAjV! j* ix.jjj -0 4c.ja^-a 

^jLuall j Aij-Ul jjjjj^jll LK ^Цс. 'ajjja jjL AiLlujl ^.л (SAMs) LjL Д */ьул ajjL^.! 

.AjjL j! <jix-a Ajj-LjJ ЦИ.1 Ц ^al .W'LiL 


J^l!) (Nanotransfer Printing -nTP) j jjLll JUjjVL icLLil cuLI j^! ^ 
3-Mercaptopropyltrimethoxysilane) —11 c> ^pLJ 'а!±ь jjj£j Ц t (9.2 
Jjjj ^gic. cjjL=kj ^-Lxuj cj^jj Lla c jj Sui juill j-o (Wafer) Я515 j ^gic. (MPTMS 
^Jajoil !1д ^ic. icLial] Ljljjk jikJ-Jl L_lAi]L ^JJa-a PDMiS ^al jHLuil Ц ^aj . Jc-lij-o 
dllc JAUl Jj S^li£j Jiijj Ajji cPDMS Jj & jL j-uajL V u-iaJ! jVj . Jclij]! JLc. 


£-c JLJI jA La£j ."* jj£ jil £-й jm-QbLi]| ^Цс. J-^aJ LaAic. SAIVI 1! (ЦС" Ьл j^, j-Jl JjJj]l 

(Цс. Li-a'il jj£jj] S jj£ ji! Jj Jiijj JaiS SAM — ]1 (Jjj-Jj ^Ц! ^iai! jiaL-«a jli cjjCP 
jjLi-a-a Aj j£-JI JaLubU (Edge resolution) AiLil 4iLiL jj£ij .4-pL.Vl AiLUl 


. A_uij Ц 1]1 aAsU\ j jiuiAj j 
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0) 


PDMS fii. 
у""'; Y""t Hexadecanethiol 

клЛ клЛ UaA j. ./ 

-Au/Tt 


1 


Si 


<Jz- SAM 

. iA Ji o uS ) 

l ' 

SAM ЯдаЦ 


ш ш 


Si 


uAM (jiu ш 


jUl <J JJJ 1 L-Lb-UJJ 


тш 

mm mm шш i 



Si Si 



соон 

CH 3 

м 


t 

t 



5 цт 


5 цт 


jajUI] (|XCP) i$ jj%a!I jjbabUiL Xs- Lb, II 4jjjJa! ^jja > П) 7.2 JLLJI 

(lj) .Ядкии ui* j 5 jk j tjs. (Hexadecanethiol-HDT) (Alkanethiol) JjAuUJSti 
( jUULj LjjjjjSjj) (Lateral Force Microscope-LFM) 4 jWW“" ®j*" jLj>ja 

LLLjjS 4 «ГЛ л AjjjIj jjU >ajj 4 j^j 1 j 4 Lia!l (jjlai (>|j!! £jaaj!L 4L.1. i_i4J a jj£j! 

a j>kl jjLu ^jL .( 16-mercaptohexadecanoic Acid-COOH j HDT - CH,) 
j$laj . с _»а!1 jjS jj jkuJI jjj jlSkVI lsJ* J lJIIj ji!l jj (image contrast) 

(jlaLk!!) jlSkVI LuiLi L!l& iiLiui£jjj£l! (jkaaj 4kkl (jjki (>lj!! ^x>aj!l 

(j!al 1л11) dkkV! j j^! I LuiLi j$ki Jjjj *! l J SAM !! j t(a»Lka!l 

.(als JJJJ a J Jjaui 4£ ,J*J £V Jji WILEY-VCH jj jjL 12 J-a. ja!I jj) (4ккд!1 
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АҒМ Л o-ij 



M (г) 



1 цт 1 |Ш 


fLail .(DPN) (jjJaLall ili!L AjjjUJI Ualjfr jlAU ^jjajjaaj Jjj < j (i) 8.2 JSUJI 

Jc JjjjJI LjUjJj. jj* jj| SJjS jj AFM —11 j^'lj jjj uUjilUI (Water meniscus) 

J aa . a jjjj IftjjJj Jbj AjjuUII 4j jlajll Aiajjl jj fLUI 4J514 t ,Ji ^&aalt ^jj .9 jUjll 
(Octadecanethiol JjjjjjlSjjLUjSll jL J>« 5i jLjbU LFM 9 jj-js (uj) .DPN AjLiuil 
£-a jjjLaj J fr ODT ^Uiall AFM —II u jI j 9 -UjI ‘Lajjj jjljj ujftiil ^Jaui Jc- Dots) 

nm) Jajjai. AjjUu jj uUiLu Ajjjja. 4Ujjj jj LFM 9 jjjjs (^) .ca. 20 S 1 ^Jau» II 

fjjjjl AjSjjjVI AjxaaJI ja jju 17 Jjaj-all j-s) (Jjbll J 2 (Lm j (jja j*j| <_ji 100 

,( ? jkj| 
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£ jj 


10 цт 


jj> Ь Laji (jjjij AJu (nTP) (| jjliil JUliVb A^Uiail fl j^V (_jiajiaaj JAaj (i) 9.2 JSjjII 
(jUiSjjjj lj^UI (jj ja »*' (jUjjj^j (jUjjjSjj» jUjjjja .(Si) (jjSjloJI jjlSj иДЬ| 

jHjijjjUii jjs a^j£j aIjj (^)j ‘i%iui]i (jj> SJibj { i_i) jjiuii juuvu Afi-uiaiu 
[Organosilsesquioxane ] [(йД^' UiVUIjjjj) Jjsuiil <Д^ (jlub jjS . . n > , Hj > j jili. jjVI) 
ja jaII (>) AjiiUI (jjjiaj Ajuj (jte. Jjj Usjs -modifietl poly(ethylene terephtalate) 

.(Aj£jjjSH AUUjuiil Aj> даД jj jjU 18 
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HAuCI 4 *3H 2 0 (h- 1 ) 

(octyl) 4 N + Br' 

АЛЛЛЛЛА § H 


(Brust and aJjijAs * jjb jiM Jjla_UI ^lill j j*VI (S) 10.2 Jiill 

^jjjajjll j^Jaj (i_j) . AjjjU LiJ jlil «j. '!•> jj> jiluM LjuSjjI Schiffrin) 

. j jlli SAM ^LuLaJ & л ^jLLla , j Ij* - 4 - 1 д LaJaju jaijll 




djlx-jjLa-o ^ 1г_ (jjkl jjl^j 1 ^ J>l ^jjjjjV jjLS 'j JLjlj-q kiLsjll аЛА jl 

• SAMS II lc L_lAjll jj> AjjjLjj J jjj£xa ialjul jjjkl] Ulljj J j L. . ,i jjjoi^j J.I1& 

j_ij c jjSJI 'ь JJJijl ^jjjuali] jpilS ^ajj jA (пХР) j jjLjll jLiliVLj Л£.1л1а]| j ja.1 j) 

jjjbj^ Jjl jc- jji Llllijla AjjA ^Ac SAM II j . ■'! ^jj jjj (jjLjjju 

.cjjL^jJI Ljl^j) (Dielectrics) 


Ajjjs-aJ) JjiJ) 1 -И j-vli- „ ^Jc. j jjJaC- Jjjj ўл AjjW! LjHjb . 2 . 3.2 

Organothiol monolayers on faceted metal clusters 

(Functionalization) uLja yi > jjaljcVI jjL jja «j __)! SiLuaVL 
4jL<La. J uSj jJjlaj LljiLjjI Ijjj SAM ■* I Laj£ ■ " ' J I 4L_JAj]l j^e Яаи]а_хл]' -u L . .,V I 
(Monolayer Protected Clusters- aAIj sjL» j* ajjUI aIlLj Cuj*m]l Jj£]l 

LxSjji Ajj J x_l]I <jjjLi]l 1 " 'I jiJ uaJI JfLjj ."AjjiLill LjjLoJjataJi' j Ljjll jLjij 4 M PCs) 

j ijl lqj£]| j CijLj jjiil I а . _-.il . л-. L i. jj£_oj Ll 1 j! ja]I jji I j ■' 'i L а LjLj . ч - J^A j I jJ j3 

,|_^_ла-аА La3j AjjjjjklLOj 

— l_jaL]I <]j£. Lcjjji "Ajal j]| <jjLaL/l С1з1_аа1а]1" ji£l j a.1 jl 

(jjkj С£ jj]I Alkanethiolate-stabilized gold cluster jiiujAl >L(jjjjL£] v il 
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(Reduction) JljfiiVl tjj^fl 11 д ^ 19 .(Jjla-dl jjia 
J)jg Vil (Jjjiillj 4_u 1 Ал-л (Ligands) cjIaiIJlj] jja.jj ^ (Jjia-o (JaIc. ^Jajmljj 

^itLII (jj . ^! 10.2 (J^juJI^ <j^lla-<JI aja^-aII ajjL^VI ajISj]! ц qjL ^э Ajjjli]! cjl^u^-sll 
(j-o u_iaJ1I l_j] ^_a^j 4_ijjli]| ciUu^'l Jj£jjj (J^li. Ял_ал^а]1 AjjL^VI 

Яс. jjio ^UjJ ^Lijl (Jc-lioll Ja (jjijJ! ^v\\\ o^j .(Agglomeration) J&J' 

.(1.5 nm 8 nm) c-Jl ЯаЬ^-* j 

SAMs — ]l (jc. <aljj^ (JxalL MPCs — 1! Jjjs Ял_а^11 SAMs (jl 

(jj£j Ajjj\j]l CjLaJj_o^JI ^Jajoil jjV ^Vjl .L_lAj]| (j-o Я^Лахлл]! ^Jajui'J! (jjS Ял_а^_а]| 

cjliLJ! JlaJI ^S! j^ (> jjj*JI ^lc. ( 5 jUj ^JLILj <(Highly faceted) Sjj*lo 
^JajujVI ^ic. AjjUV! cjLiiLai] li^jUj ^Jajoi]! ^ oVi c. ^ iiui j cLjIj .(Vertices) ^-i]l j 

C LiL . L_li]l j)-Q £ jUJ! ^ij £uui SAMS ]! LjLaJjja^ (jli iL_lAj]l (j-Q Я^2аилл]] 

^gic I j! jiluj! ji jj (j-il) AjjjiU! ^jjj AjUljJ! (jLl > A \I (J£j <jjULfl <iiL]! a_ij 
^Ас- £jLa]! ^£! jjj c(J jUa\I ^Э j $.! J^i! ^Э (Ju-aaj ц£ j]| (Jjli! jjJa (JjjJa]! (J Aa]| 
4jjj\j]l CjUiuiaJ! j-o LjUuill ojA C* il» ~ч jal .(ц- 3 10.2 (J^ j‘ill j ^j^-jUJ! L-fljla]! ]aj*\ a 
e Q ) i. ^ j \ \ i' к дш j C AjjLajUI Ajjjjl! jiaxLL 4 i .L ■ч \ l J^ ! jL\ l CjLiuj! J jl i-LllS 4 \ j i n j 
^ k jLLxa]! jjj jil" (JLo (Jj\*\a\I — jjia] AjjUtA CjLlij ^aljjjjujL (^jlVI Lj! jJaa]| 

4_ia_udiiJ! (jji Uuuj^U ^iila]! JjWt'l j c(IR) g.1 ja^\I i*\*\ <*uaiL/!j ^(NMR) "(_£jjj]| 

.(UV-Vis) ajjjJ! - 

(J^U. (j-o \ g -ч Li k *i (Jjj^j ^ic. L^jjjS Ljaj! AjjjL]! lj\ \\ 4 Ag a\I L! jaI! ja j 
JjjjI! LjljjUj] Jijj cjja. с(Р1асе exchange reactions) j ILdl JjLi ci^lis 
J1 UCj\ MPC -11 Jt CjjUVI ov jiill AlJ. sj jl jll soijl (Thiol ligands) 
С 1 ш lil (cdli Jl AiLUaVtj ~ 9 . (MPCs) Сз1 j CjlUI л14э jA Я L.L a t"lr. ^ j3 jj 
J£j Laj Сш11 ^ СриЛИ Alikll ^IJI (Alkanethiolate) CyV jAuLilVI jl 

4_lilai] n Jl ^Jajui]! ^Jj jijj j! 4_iAALujj]l CjLLjxj'l j)A <C jjj-Q ClL^ic-lij] ^-Luuii] 
Laa cl_1j£jj]! j^J CjIa u j.i-4 \l ^Jajui] ( ^ JJ^ ^C-Lu-a (Jjj»,*\\ Ljjjia _)ijJ tiUjj cAjjUL/l 
^ic- oj!)lc. .Ajjjlil! CjLuiudaJL Jaij jj jl (j^AJ ^^gji! L_fljUa jl! ^ jjj jjj£ j^. jj^J 

Jj jx lj-13 j3 jj j .Цшшк <ш!ш1 Ajjillll SAM II C ll n ja. jli tiilli 

jILj jj £j_ia j tAjLxll eLj . JbJI Jc. (Alkanethiolates) dyV jAiililVI 
LjiijL^ cjkilijil (Radial control) ajcUHI s jkbJl J3 i e jLUjj (Rotello) 
Templation aJjSII jc. LUiJ 21 ^SAM _1' Jub (Intramolecular) ^AL 
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A-ilkUI 4 -iJjjaJI djilc-liiiSI (J!>La. (j-o S jjju-all CliLjjaJl 4 jjjjaJI c_fljx!ill CIjI j j 

22 


" . ^.П \W ^Ja-uJl JJC- 


Electrostalic self assembly Ai£LJI f-Lj^SlL Jil jJI 4.2 


AjiU. 1 diliJa [_L^ ■""< l^j ja jl jj jjj jli Cj!>Ic.Uj <U CjjjjI CU jll ^ 


L> I^A 0] 


iU 


23 ‘24 


Cj^Lc-Uj 


4 Q ^Q*v 




ulli 


i4jjj£ CjLjja. jjj£j (JlLo (jjkl jjal jC^j LjU Ял_А^-й 
^LoijV L- jjjj S jj.W a fi jlaJjoi ^ajiL Jdiiill 




. 4 •> *ч j-, 


(JjIiuiaII I^jla (_)а1лл]| j^AJ V J tlj uai 4 ij*uJa 4 _iijiaJI ^^3 jljj J^C jL 

•yAo^' 

c jjajjjj^JI <Jajl j Uj^lclij ulli Laj Ig-i* j t4j£LuJI s-Lj^^ll ciL^Lclii ji jj 
<jj*4 /iix>ll Clilc. j-q-4-qII £uCaj ^^Jc ojjill jj*J cAjjLuu^II jlajll 4_g_^j ja3 . LoIa 3LjJ 

4 _a, W'ViaII ^Lnll dll j^. J 4 _iIaAj JJJ^ ja. ^JI Ajjjlj CjLaJui^. jl (JjajIjJ jfLiA ^^Jc 

(Nanoscopic) J-ijj£_ujjjlj ^Ln dJj^j «пах-У j£aa!I j -лз . ^*.jaVJI ijjj^ 

Jail jill j 6<j j^ LiaII Clilc. ja-saII (Jja Axa-vaII CIjLj^aII jijl ^JjllaAll j-ajL-aa_lL 

4_ujIjj j^Aj c'n^) Ajj j£_uj j j£La ^jj 1 g я\лу\ j^Aj JLlLj i Ci, j> j jCj^-11 

C^W'iA'l AjjjL CjL£ JA j ftjjja. jljA ^Lj ^aJJ jfl tUilj ^gic. 6 jblc. j .IfrbLujJ j 1 g x^L^l *4 

.0 jjjill Д_Ь 1 да 11 ^LjII dl! j^j j-ajl >л~\ jc. L qViVi ^jil! Яс. ja~n а \1 o jjjill j-ajL-aaJl 
A-iibL ^jj ^jaVi j jjj£jl 4 q\j -4 a CjLjlij 4 j]L 1 I 4 jc. jill ^LuiflVI ^ Lai'j L__fl jjuj 

4jlij ^) ^ jjjjllj JaxjJAll jj JlinVL c4j^l_uJI AjjLj^II d^Lclij ^ljWiL jl_*jVI 

JllUiL jLuVI 'LffiL dL£ ja *LLj) ^J) 4 _ia!j L_lilLuj! J)j c 4 ijJa jli 4 ^jJa L-IUujjjII 

.0 j, Wa 

Layer-by-layer (LBL) deposition Aija J2 ASJa иш -jjl .1.4.2 


^JLtll j ^jj jaJI ^lLtll jjj ’jja_all Jx-a jl SjjujLaII Jijjlall jl 

4L_jjj jjll j-a jj*A (Jjju.ua c_iaJ 4_uaij cjijll (IVIacroscopic) ^jj^uujjj^LJI 
(Solid substrates) ajLJI jjLjII <*-* lLLlII jLn jluaJI ^^lc ojLJI ^jj^jjj 
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4<JjujJa11 SjLaII 4Л1£а jjj^. Jajjjol jj^J cAij3j 4jua iC-V Цс. j£ tl^Jjlijj 4^J Jgatl) 
^Jajal) AjJj^JUJ J_j£La 4jj 1 jU Ajjujjllj (^JjjUl (J jJjuIaII ^Jc L_JJJjjll CllJkJ ^J 

Jpjr* j^ ^ ql“l*4xi (JjU jjUjl LiJajl j^AJ 4^lcj£ L^3jj-aj L_ljljk ^lj . (djj^jll 
(jC. jJJ*jll jA j^AJ AiLLai jjl£j ^l .W'u J jl 4 Jllall (JjJjoj ^Jc. .AjLlaj j-^ajlu-^a^. 
1 AAkSlA £.l_ialC (Ja*Y! jjl£j (Цс J 4<лС. Л а1! 6 JLaII J_ij\jjj3 — <JJa-£iJ (JaajLaxk 

. CjLajfLjl! QA 1д JJxl J 4 (JaUJ*yM1 A-LLj^ tljl jjjj^iU LfrAljVuul j^AJ 1 Ч UJA 


jlj 4_iila jjjuuijjll AjlijJ (^-AujjJ Lc jJjIaJ ^xi i^^uJaUll (jjll! 


с£1 


Л1а 


ciUjUa ^.i^il Djjb <iuaij jj£jl (Level-by-level deposition LBL) "41±ь 
(Цс LBL — 1! (jjjLj A_i! ajII ^j ^.^JajajU <L -^Iaj Д_ааооха (Contings) 

^l jjV! (j-o Aiixl! j 4<jjj\jl! c." iIa.u,i>11 ^.a J^V л ii j 4."iAjVui,il Lg_i£l j tdjl jajIjJI 

jjj jj$£1! ^jjiUjl! Aiijjal! 26 .(Multivalent species) * jalSill S-n*i« 

Лхэ1л Sjfl£ <alH-A Ajjjlj c" Uj^iy. j CjIjajI jj ^Jc <j_u£Lx1a1I l" il W j'ill dil Л CjIc ja^-aII 

(Jjj*j 4\\£\a$ 4*^jl . IglliaLuiJ ^ 4ла t j^. ^Э tLBL 1! Sj3 jA^j .^JajuJL (jL-ajLU 

(jjjL (jC tillj (j^Vn 0 jlc j . Ijj^k j'iA (." llc ja~ya (Ja*yj ^£1 <Acljl! <Дх-£а1! SjUl! ^Uajui 
(JaVi (." ll П j^. jljLoi (jjjL (jc* J ^gjljAj^ (Jclij (jjjL (jc Ц AxjLaill ^-LajalVl (Jjj*i 
cjLjjVI j jxiA (JjL-a ^э Ajj^kiUll ^kuiV! Ljxj j*iL»j .ajj^-iolaII djlc ja^yaII 

^jLj^£ (J jUaI (Jjlij (jjj ^ jl jil) й jjj -йоэ 6 jj^ (JjU. <jo£Lx!a t." ilWi.ii (jj (Polyion) 
JL .(t-Ajll (> ajjjL djlijj^ ilU. cjlcLai Jlj (Polyelectrolytes) jj*u 

j3l£jl! jjc j)A jp^l (-glc o jpAAl! зЦ jUI 4 _ia£ (j jjVi 4 <jjoiL1a 1I ujjjiall 

^tiuaill Яьи ^Uxii Uljl *& jjS jll ^lc cjLaUll (Stoichiometric Number) 

j)A IjJXJ C_flj^j (jlll C<jJaj\ill j! jaII jSLu (^JjV!) * jLiA^-A (jUkill J-^Vl !j$Ij .(jjajXAll 
(AjjIjII) j t ( L-JJjoi jjll 4 _AaC (jUjj JLIL) AjILII Alflall L_Jjoi jj (Jj3 ULaLaill U_JJ Ла1! (Jj3 

(^jLulxll ^.^uLLall А-1 аИ aJaC ^jj UljJj .(jIjV I Aijiall (Цс-1 (^Ic UL Ajja L_Llia)jj jjUjl 

j)A JJJ^ (^i ^Jj 4(1 1.2 (jUjjjll) AjjIHa 4." ll W fc j Cj|j cIjIjajIjJ (jA A-jILIa AjJJjujJP cljljjjj 

jja 5j*JiVl ^jaULjuj . (Ellipsometry) » jU*ll a^ILSu! 

.(UV-Vis Spectrometry) aJ jJI - V-y^nll 

l^Jj tAjUll Яа^Ла jj^j jl LBL 1L 1д jjx jiVi ^j ^jll a-u-qc^U j^Aj 

<iiUJ! jiajajj IjA .<JjjJaxll 4 " ll U ."IaII Ц» a ^Э jLjjll J-ajIIaj jj^. (jjlj^. jljjlioil 
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jlia) (Steric demand) j^ cjLliajA Ja! jlau ajjLj^II! Jolij jl 

ajLaS! l_j jjxII ^jujLoi^. jjC' 1 л ^Jj LBL Jx^. ^a IgjLli (<j jlVI cj]>lclij]l ^ja^j 

^glc ^ g 3 j]-i i Ljl£^l LBL 13 (jjl! ь jj-o tilliAj .A_ilklj]l cjb^LII ^ 

AajjLH ЯЗ jHa AjjujLoi^. £a cAjjjlil! CjLaJjul^J! j 4ij*v Jjjll Cli! Jaj] jj]l j-o Ялиш! j 

.(Counterions) ibuJJ! <jo£L*_a1! CjU jj!H алл^АИ 


jA i^alc JiCij olj^. jC. ^иСаЭ LBL 1! C-JjLujV £uuj!j3! (jjj3alii! ^'Lii-o jl 

cjL j^^d (jUaiS! ^juj! j jjj^ll! jc ^L3! (Entropy) LiJjjjjV! ^i ^ j^jj La ^Jc 

<jjI_1a£ j "^.^-lajuillj jj~4 L'iaII jajIjjI! jL-all]l AlC dll пЛаИ ^LuC j A W /jll <juj£I_xa 
jajIjj]! CjIc ja-na jjj LjLIxj j j$£ 3! Cli]jlclij]l <jJ3jLLa ^glc jl jIaL/I Ja*j 4j]j! 
Iaa t jj^ xLi a\I Sjj£j]l ^Jajuj ^x-a 4_]jLaa dLjlclijj 4W L‘)ll 4uui£LtA LgjLjjlj jj^ /IaII 
cSjjjjjuiII v‘i ^jl! Ijjjjjjyi jli AjIcj c^ilLViV! ^ Lj j jjj*j ^JL3L (jjjj 

• ^gJLiVI O^j 

IgJ { ^<\W j^AJuJ L_llJUjjjil 4 jIaC jl J U^l'n LlJjjjjV! 4'iAjg I 4 а^_аЗ! A >J Vlll jj 

Ljaj! ^jb l$j! Vj co]Ac! jjjA jA LoS 4 ааЗ! cLa L! jA ^а j j^]j .(Kinetically) L^j^. 

SjjAJA]! CjljAj] Jj]l jA 4 ,a]*ii! (JjAj 4 jj£ldl ^jjili ; 4 jjujjjj]I Aijjla]! CjlcjiA CjC^. jAiCa 

jAjj ^LLJ! Я£1 а^ JaIS jl jA ^c jil Jc . j .(Kinetically trapped) L£ j^ Auujj^a]! 

t(j]]i ^aCj Jb t4qx^il jpaII 4-Jll j]! 4jjj]l j! Vj tAjjLii Aijla L_ibujjj £a IjL*s o clc 

cjjkVl (Interdigitating) jjaxjll I g *>» i ^а cjljAjijJ! (Ji! ci ^ iuj cA^uJalj jc 

lc^. LujLui^. Aijjla]! jli ]]i ^lj AiLCa^L . jlVl (jja*j]l \g хЛа» \ CjVLcd l^iljlllj 

L_jjjjj] ^jl^j cCjljjj]! jjj 4 aCcj l <а1д-ч11 j AjjLj]! (Jia (Jax]I c__ajjla ^j 4jjuii]L 

. JAl] Jj]l (■ ** i Q^L\ ^Jjjiiil L_JJiuJ Jj]l 


cLBL !L L-jjui jj]! 4j1ax] aj^j^JI SjLajjuii! jA 4_^jL3! cjl^J! ^aj tijiii ^a 

jjUjj LBL il Jijjla lj! ji jli ^JLlLj tAJj^uuj Iaj! j£j j^Aj V ^jLill jli 

jja j)A cj! jAjijji! jA jjjAi! ^Lujj jj . cjLiilaM! jA jjJ^ Да jjuija]! IacjA^ 

Cjl-AJjui^ j ( jjla]! C(J\ja]I (Jjcjj (, 3 -L-) AjjjJoC JJC c! ja ^lAjjj 6(J jl! 4 jjlaj Cjl.1^. j 
.6 CjjS 4jjLj^£ j 4_i£jjl£jA (juajl >лл Cj|j Cj|<i]jLla £_iij-aJ ^i 4»jla 4_iiij3! j» -ч'! AjjiL 
cAjjJ^. jLxujoJjuj! oj^U^.l£ (JaJU jl I g i^Aj LBL S! ^al . W'LtlL Ая U^IaII 4-IiucVI jj 
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L_Lk-aj ^aJJjoij .^cJI (J jl jC. dJ_!lLa£j C(Jj-a3 AjjoiC-ISj 

.3_JIj]| djl^ill c.“ J,q ) ilaJ I^A ^gJc. 'OjMI 





^Jxui Cj|j AajjJJ jj£L« juJaij (i) : LBL jI 4Jlij Jili j4 ^ola fUluC- 11.2 JlUI 

(Polycation) jjJlill 9JJ*laj (Polyanion) jjJVI eJJ*la JJU-a jjaJla 
u j UI 4 l -ш -j* jUj jui ^lIL (4 J 2) JjuJUI Ujial I «g ИЦ; ( j^JI jj) ^jlc. 3 J 1 jll ijiaUl) 
CjUjjV) jjJjfcla jn jJjV Lulxajlil AjjJI (^) . (ш) 5ljUL« (PolyioilS) ujUjjl JJ*U 
j«) . (PAH) (jj^UiVI jjjjIIjjJja) jjxUI j (SPS) AlaluUI jjjUJjJI :4 jUjUI 

. (ji jixil jlii! AjI jjjiSri AjxuUI j. jjU 25 ,*J*>JI 
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(LEDs) f jUail AjcIJ) ujluUa2)j LBL Jj^jj Л.1.4.2 


Conducting LBL films and light -emitting diodes (LEDs) 

JaiikJalillj jjjxjil j t ^X-aa-jl ЛАах_л CIiIjjuIjj (ja ujlajja] l_j1ija]I l_JJjjjjj]I ^-auj 
jjjjj ^ Jilul j3j ,jj£la]| aLiiJI Ifrj^ajLaaaJ (Fine tUIling) JJ2JI 

ILujjUI CiIjju]jj]I ^i AiLaJa]l 5_bJJI (ЛиЬпег and Coworkers) LXajj 
Cjlifkll oJAxla kijii 4 r_ l j l Ш (p-type-doped) C'JjJ P — J Lubj$£ 
Cil jjuljjil (Derivatizing) jliLI Jc. ^Ш1 LBL 27 .aLu ijaj 

• Ailxjla AjL^ja CjLj jljiluVI CaLie Ajjj ojlc. jjji jj]! tAjjaJjjj х_1а\ aJ 

jl Polypyrrole !l tjllall Jjjjj ^Jc.) 4ij jx_a klua ja Cjl jjJjJ Cla-laJjJ jSj 

_ aWl'I Ш laaul] ALlia jl AAj J j j I jLL ( Jjjl_jja]l P 0 1 y a П 1 1 1 П C j-ilji ^jjdl 

(Assembly jjjm (Sulfonated Polysterene - SP) jiLuJ jjjLau ] jLI 
Ji.lL j_j 4 jJL) (Fuzzy) 4jo_jal j]| jjc. лШк]1 AjL CjjjjI Ш j .Ijajl counterpart) 
оЛШа L^_j\_J jAjjjoj o JJjL Ш jil ^JJ La ojlc tj]]lj t(Ajjl_xJI o jj£j]l jjja L " ^ Ша]1 

JJC 4_L_a j-a]l CjLflJa]! jjj AjjL jj_LI jL j__ jl jjdu Clo__aj_j Lg_iV i aSLLI o lb 
o-laja Ajl-flj]l o-l^j 4 aLj_a]l AjLcL/I jl .aLoixjl AjL-jo j-a jjjxj ^JLjLj to jjl jL_a]l 

V CiVLdl j_ax_ ^ij i40 S/cm Jl J__aj Ш_-а ja Cilij iAiliCj (Uniform) 

tJjJa jjl jl . Aj-Coj-o AjLuo j_a J jfla. <1 AjjLj Afljja L_JJujJ j_c Cjljjj XjJaJ j jj . - il ]aJJ 

Ajj jLjJI »1 Jj$£j] o jL-ia-a]l Cjj ■ jLI j]I CjlaLLia JLa_a AjCcVI oL Jla] j£_a_a]l 

.(Anti-static) 

jj jjajl “ 8 LBL AflJjjaJ Aflfll jla]l Cjl J-ail jLI X-J-aaj ^i CjLo-LCj! . 1 J j a Ш 

Cjjjj ji j (LEDs) » jCaj] ajcLII CjLuLj]I a jLj (jjjj tjj]! ajLc-L/I jjjuai] 

j flja]l o JJxla AjLc .1 ^_ic- i jjjj J Ac-jjaa-a Jjfl j-a Cjj JJO.I jj]l i^jjLfl CjLjiIjLI 

(Poly(p-phenylene Vinylene - PPV)) jLcjL p- jAjji) jdj 

j j._a' l , ju AI jajjCl jjjl ^Jc. jjjj^l CjLaxjj L^jI jJaj Conjugated (jiljLall 
aLLJI (js k.’\ Шс. ^jjiali jjLjj л-а i(a_fllflC Ц-а ja JTO) (Indium Tin Oxide) 
(Cationic 4 -у! ^ ll ciLjLjl ^j-aLi J Ш ^ 2 '.(12. 2 Jkcjl) ^jjIH J-aLxil 
o j^xLa Aiiij ajCc. 1 ^ i_jul_La]l ji jjj^l jjJ jLI ,*-л PPV !l jn precursor) 

OjCall Cjc-L PPV (Jkcj ijiljla A_a.j (JjL'V (ifl Sltu) ^ijail Ljij-ajj Cllfljja]! 

.(LBL — !1 ^ jjj fjc. ja.1 (Jj]j IL*j) 
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РРУ/РМА CjlAJal) JJxlo (I) : f- ^Laij jjfrL jl^aJ LBL .12.2 jLuJI 

<".l i,U\\ JJxjaI Aaj jjujl AjjLojlaJI 4 < ■■ '’д Д ^Auj (i_jj .sJaj PPV 1 AjLuu JSJjj 

jj (Holes) iljailS JLsaS JiL PPV/SPS 6- ^11^1 ^ PPV/PMA 

^jjLj^ill jliLlll jjj*j цЯ jJjj Lu ЛТО JjiSflj PPV/PMA — II 

.(f-LjjiH ^jjVI j^jlaII (> jjjL 32 jj?. >LI c>) -(Eleetroluminescence) 

.lajjo J£jLj s j. jall djajj j . 4 qK jjc. jjLajll s JA I ^ (jill PPV 4 -UjC.I jl 
La£ (L&ja. j PPV <JjjC-I I Jjt jj ц^Л LiU (JjLu *^)Lj) (JjJjauo AjujIj jjjalijO jjuJa 
(AjoiLai j s-LujJI ILLuai] ^jj jjJI (_$ jJjolJI (_Jc. о jiaJuJI ц^а JLuj j_iaLjaj a jjj LgJ 
JjjLLJI L jjuL jLL _ j jjJ t JILUI Jj. . .■, ^1x3 ~ ^ . jL -.1\ Jo'LH ^LVI LLLj 

^jjiLi ц^з ojLaj j& Lo£ (PMA) (lSj]jj£Lia]I jjjs) jjll j SPS II (pl jLIujI jjj 

ajLcI Ljjiii jil .(Anionic polyelectrolyte) Sjj*U al jjjVI aLL jAJI JjILsuII 
(jlL CjLjjjaui jjj. i J' : K ^jlc-l jLj CiliLS PPV/SPS ^ ' r - L-jj > (_jjLl 
p ^jj ajLL'VI >axj Л Llli i_5 j*jj . PPV/PMA o j^jaVL SjjLLa jL£j Jai (sW) 
jjSj Lu (Ljjjjll LajaAjJI (ji SPS —II a-LuJ jj PPV — U (p-Type Dopping) 
jlj ((xil jaII oLa jl . Bipolarons i^UaiiA/ aLLj j Polarons AjJailou. CiL jjI 

JLxill ybLll rxj£ xLI jji ^jjjL Ljajl uLjxj Lgil L I (AjL^jjUI jjxj ciijlL 

jl^aJI Jj jjjoiaLl 'i jjLI siib jjjuL jixj } .(Luminescence quenching sites) 
(X-Lj (jill PPV/PMA oLilc-j L jjS/l jjj (Hole) Ojaill JLLjl J ;g ( L (jjjjla jc. 


108 



j)A CljlllLall jia* } (J^^La. j)A Clljj£ ^ji]! fi jg_^.VI (jli tJx^JLj 3 ^.L jj -Ь 

(м 12.2 Jiilt) PPV/PMA _J *L%, ITO _J ofj PPV/SPS -J 

fijlc. jA J tfij^j PPV (j-0 ^JU/I^ jlg_a. Sjljl (JjJulA (j-Q ^lcl 6 jj CljLjjjjabQ jiajXJ 

.0*li£ j!i£l Cjl JA XJjl ^JJ jjjjA j)A 


(jauAjjt JjlLabj j AjjJu» Ajjjlj ill.auj-\ ya LBL .u 1.4.2 
LBL with metallic nanoparticles for sensing applications 

j)Jj£j ^JJ 4_1 ujjJa jjA (j-° *Uuic.l 4_lauiljJ Ц LjOJja]! ^ j J-a ххЛ1 (JjL*j (Jjjj 

djli j£JI jJjlaJ ojjj£ 4_ьаЛ! jaVI !*^J ALLa j)JJA jA La£j . ^ i)Lj C1 jLjjj£]J 

dj j .AjjLajS jj^II (j^u^iVill ciliniajj (jlxiij Lajs S^c-Ij (jli! (jjWi j tAjjjjiSLlVI 
(Citrate-stabilized gold) djljloJL Sjilubd! l-ja^]! j>A ajjjL CjLuu^ СилуЦ 

]! A^JjlaJ J JJJ^IV! *L j£‘IaI 1 A K uill 4 _j^ja CIiLj jaJ! jaViI AjILuj 4 W ui CjL j 

dAJjjaJ ^jLjj! c-Luic. (jjj^j ^l La ajujjjII oj£a]| j jxi j 33 З4 .(13.2 JLsll) LBL 
a£jL (J£L (Electroactive analyte) (Я%]1 <aj^) aLLj 4 jjLj$£ 

^Luix]! 1лд (jLuo (jA .(Host molecules) AiiuixA diLjjaj л a» La <jjjL cj! ^um^ 
jjjj£lV! ^Lui U jj^jjj (Jjl^ aII ^ jac (j-o Jais <jjoi 11 a ]1 Analytes (Ji^UJl ^ i,w 

Ajj^xa]! LjjLl! CjLaju^J! JaI£j 1 jl .<а^^^а ]1 jjc. djLjjaJ! ^La! j^U£ c-ijuajj Lajb 

:l% Я^ -dal j]l Ll jJI jjaxj LBL !L jaVJI 4 jIac. 

jA aic ja %1 jLuVI Я 2Ж (Stratified Array) i*-al jUll <i%Jl jl cVjl 

^JJ (Jjjj Laa 4<3JjJaA]l djLjjaJ! jaVi! AjaLula]! 'A х*Уи11 j3jJ AjjjLI! djLAJuiaJI 

.(jiiuiaj]l oc.li£ jjjxi (_5-L C_L*j 4 j]Ic *^jji£JJ L^.Luia 

<Jadj]l (JjVLJ (JauU d AjjjxAll AjjjLll djLuuiaJL (Jjj-sa jjI! ^iauJ cLjU 

.ajjLaj^ jj^£ JjLj jj l \u>»a 11 ojixAll j (Electroactive analytes ) l%j$£ 

djUila LLC. fijLjj c." п*ч i jlg *sll A-iuiluia. LBL II iLjla ^lauI c lllllj 

jc l_Lu£]L ^lauJ Laa Ajj\ 0 a)£jj ^]1 (jAuiaii]! ajLui] jjxjj l qjJaAll^AjjjLi]! CjLuuiaJI 

. (lO' 5 - 10' 6 M) L a.^. <ai j £ jj ль jbUJ 
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4i&li jbbuiluil CjUjjoSJI qjj£j JflJ (j-ij AjIjjIIuijj^) £-1алл 11 Aljjia 13.2 JLuJI 
(uj) j AuJI AjJLuj 4jjjU ljA 2 ljI au iA (i) AjjUIa l-lluijj Cjijia^ :(functiona!ized) 
t fljUflUI J-A JLuJI liA (jb LjUjJjiWI ^ Jj^xUI Ljjji .U^JjJ 4 J J^ajlUI lJlluxU) ljUj 
JjS j-<a jjU 33 ^Aja] I jd) (LjUuflil jflJl£) jUUjjjVI (jC- t jjjtlli AjIIc- 4-LuiLuiA, 

.(dl£ jUj Sjjifl-a jUi j^ WILLEY -V CH 

(j Л J IjjUil L_1 &Л1 lIsLaJjoI^. (j— Л Д C-jU^lJI UjU JJ *^ЦИ Uj i£-OJ 

ij J^Uj 5j jjbuLa UjL£ja ^ j) Bipyridinium cyclophanes Й 

(UjU jjj^]VU Sjjiia 4 Wq‘u*iA L-flJjl^J j 6 j)Jx-Q с£^Я ^LBL U <Jj1Ua 

jjJ-oUj^llj jjjlUjJ^Vi (Jj-G II lLl>UU] 1£ AjjJaxll UjUjj^Jl (jAlxxiVi j)-Q ^UUj 

.(Neurotransmitters adrenaline and dopamine) 

UjUj j^JI Ajjj j^o £JJJ ijlilSI оЛА <Jaxjl jj Ля u-oa'I CjU jjj^L/I оЛА J_jUlj| j| 

<jLLJI UjUjj^JI jjj (JaI^ ^jjUaJ J j^ j jA L_J jlla-<JI jjl jjJJJ Ui j . 4-SJjJxaII 

. 4 \jN 1I (jxuxiVj L-fl^jjaUI L_fljj^j jIxjI ^j^j Analyte 
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jiJ ^jil! fljUa jl! q JJjLLq Sjg_a.VI cLj ^ IV’ 1 ! Jai ccilli ^Jj AiLjaVb 

dilliiall L_11 uj jjl x-oli «nlVnll J^iiLaj jj . jjaliV-o jjLiUa-o (_j* jj Ц^11 djlajla]| 

jjjijlajj 0 j£^l jjj£i j-° j^-° (^^ j^. cl-4c. ^ UjjjI ц£.Л 1) ^ jx-oUl <alla-A]l 

. JjbUJ jjc. jj jc. c. « x ffl l l^j^j (Bifunctional) 


Hollow LBL spheres 


*lij*H LBL cAjj£ .£ 1.4.2 


^ljjl C ^Цс. I g qjlan ^iAjuii LBL II Aijjjla 4_i-oj-oC. jj 

(Non-planar ajjIuiJI jjc L^. jl jjLSI UjL ^L^VI ulL ^ Uj c3i j^L^II 
jjj£jl LBL —II Luj <j\ij jjjLj tJHLI Jjj^ ^Цс. jij .topology) 

UjLaJjuL^, j-G L-jII Jfl (j-o ( JAiljjll j-0 clij^. Ljj^ 4_x3ji) J-GjI J^ll Ц-° ClaV Jtill^ 

j^^yL-oll -li& -llL-o j ji j-o) lULaJjul^. ^Ц1а L_J jLjIL ^aJ 4£ig_ill ILa ^Э a j^juLA 

c> UjL^j (Weakly cross-linked) ^L-aill LLjjVI Ц)»х>» j t<jaJLI ajj ja 
(SPS) (>Lula1I jj jJjujjI jjll t(Jj-oj 4_i^. j-gj 4 W xtil' LlLui oJJxli-o AjjjIjjj^II (JjlLa-o 

Cjllija. *jjJ*J (JJjL U 0 ^ jij .[(PAH) ( jja^LIVI -lijjKjjAiA^ Jjjj 

(Jj-saSj L_11 ujjj1 (_>.V (_£J^J-o Alj £_л tLg_l L_buiL-oll (Jj-ojIjJ! J jUaII ^Э jaJ jJ! 
jaj! jJ! Я1! jV ^ ala-ujj jjLj (J j£j-o .Jjj 4 j'JL' 0 jL*4 £-jjj .A_ilL-oll UjLjj^J! 

JJxIi-all ClliljjjilVL A_illa-oll cULiiuLaJ! ^luJaVj jj . jj-o-ol! JJC. j! t Qj» l>i lVij ji-o-oll 

j! (Strongly acidic conditions) Я -iji AjUa-o^ L_fljji> Jj Ц! polyelectrolyte 

^ ^Ajjj-q j*J jV! CliLiiuiaJ! LUajui jjLj ^aJ cL_ill! (J^La-jl ^j (jJjj U-^-^L (JLajj ^j 

Ltiji JbU. > (Permeate) iaLjlL Ц1 ^uuj _tL_jU! j* L^Ll! oligomeric 
. (j — ! 14.2 J^xVill) jaj! jJ! j-o ajjj^-o clij^. UjV jxxij^ La^Ijj a^jL c jaLjJ! 

ljLLj £_a (JLaJ! jA La£j .0 JuJla. ^uo^Lo (J Aa AjLjl! cli j^. UjLjS ^Liij jj 

jUaj ^^Э A Lu^ (Jg xxill j-o jjfLi AjL3jill jl^ A^Liuj jjj^j jli C(_£jV.VI LBL 

^al ЛЧ jxtil j£aJj . L_ 11 uj jjl! L_Sjjla jl ojj-o-ol! UjLajal! JJC. jj»j jjjla jc. jj-ojjLl! 

70 nm ja) ^al •> -ч V I j Jl£ujV! j luL j^-oll j-o ajlxjjIj Д-с. jjj^k-o j-o и^Ць-цЦ! l__i 1I ji 


JaJ (. VWj Ljjc. i|Luua, (Ja (Js!) Lll! jo-a ji j-a oJc. Je jjLc «.jja, OligOHlCTC JJ^jxiljl ^ ^ 

. (^^jj-al!) jJ-ajijljV! j-ajL— ai jj»Tl LjljJ-ajijH 
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<ilLj (Biocolloids cjLjjiil 10 |im q* jj£I Jj Latex (u^iV) ^Uj£l 

jaj]jj OjLiila ^-ujj j-o (Jal ja aKuhaII jSI jil! jj£jj . <^jL]! cjVjJu^]! cbtj! .iiwM 
jl i JQ 1*и Л 1 Vxi L J" 4 - 1 (J^ 1*ч s LjLaJ^J IjjIj JJ3 Ь jSJjuJA (J^aJI a£Uuj 20 nm ^! j^) 

Д x^ilj u^iaII ^i! jSll jj^j ja ^aLMj •( & 14.2 J^ll jiaj!) Ь j^ -э Jj^joj 

^ 2-1 nm Jl j^) Sjji^ (Polar molecules) Я -nLS cjLjjjJ (Permeable) 

(Drug tAjjlLH j-Q CjIc. J 2 fc ^ajlujjj Jij (JL^a 4 jlffiuiA CjLjjaJJ jCojj Laa t(jJaal! 

ojjxj-£ 3 ^aj^^ ^Э AjjLaj^ Cj^ylclij] AjjjSLa С 1 з!> 1 с. 1 _За (Jj*_ujjj cDelivery) 
(j^Aj ClaV JU)I<;II ^jLjj (JiL ClA W ui ^^Jc ojLjui]! jl cjlld! Jjjj-u ^^ic *^]j 
cjLjj^. ajajj] iCilij 4A_jlijjl 4Wuil (Nucleation) ^jjjj j^ljA ^LunL/ L^aLViuiI 

СлА £ jLi jl Ji-L I jjua^. j-ajll Jjuo^j ^£] 1 g g J~u jj JLilbj cilaljJA AjjjL 

jlj^. ^gic. Iju^ajiA CjL/ jun^ll (Jilj fijjLl! jaj ci] j *(j — Л 14.2 J^ uill) 

37 *(c 14.2 (J^c'il) jjLlaII } ^^jII jc. AjLgjJI ^ jiuilj сС1з! jajJjjII 

jbuVI Aj^jLJI ljLS ijaJI . 2.4.2 
Three-dimentional nanocomposites 

J^ ui з Ajj*\ uiaII dllc. ja^aII Ljajl i.” з*ч*з cLBL ]1 Aijjla £_л JL^Jl jA La£ 

aJJAu ojjj^ С1з1 » jaV'i jjj^j ^^ic Ajjjlill С1з1 ajui-nII ^Liuil Jc. AjAaII j ^jALstA 

dishJI ^^jjLIujjj^AII Jclijll ^al .wjuilj c^JjLuill £_1 о£а]! ^i aj!1 jjCu! La£j . 38 cL*jVI 
Jl AiLubVL . JHAVL ^Sadll ^Э (jlalijjl ^la LAj^. й juaL^-A (_£Jja]I ^,JaVi\I 

<aJjj_Al! Ajlbti]! Cjli CjIc. ja^saII jjj jjaj V A'Kill 4 j£jjL1ui jj^A]I Cj|>lc.lij]l jjli tjlli 

JLlLj t£JA2»j]l Ч_АаС ^i AAlijjVI ^atwjuil ^lc ajCill olL (Jijxj llA j uill (juij] 

. ^jA-yjll cjLjl£Al ^i c j.wa ^ jjj ^l (jcjj 

j3jj t ^^AjjLlui j j^AII (Jclijll Jl£jj! ^ja (J£jj jA (ji]l n> jj.\)$.H -L^ljjll (jl 

Jaia <_£jj Cj^jL (jjj ^liil \)\)У JJCJ^-SI <iajljll jl Cn^ j .L-J-ujLaII (Jjjjll 

,J?A J -iabj JH J. .✓T4J jl ^JA^Clli 4 J n~N J jCj^JI <iaj! jll ^LA-ulJj iLjja. <j J^JOIA 

^ic 6 j!ic . <Lj ja cjLLLjl j)jj£jj c_jjx_I 1 L_ijjj_-aj (Jg,x j Laa ijjl jill ДА^. ^J! L_jjiVI 

4_jjjaJl L_fljUajll j)JJ СЛ*ча 11 L_3 jxjll (jji^j (J^-aj c2.2 Ajuiil! ^Э jj£1a jA Li£j t jili 

Lja^a (J£ ЬССхаа 11 ^j\}> JJ.\)gll ^dajljl! *l jjJ j)A CjIxJI ^al , W'nul (J!>Lj. j)A 
j)A ACjA^A JJJ^ (J^uljj jLjJl IIa j>il «jil .<1 c1_9ja 11 cjlc ja-saII jjjj (Ja1£j11 j 

.jIxjV' AjSilj (Nanocomposites) Aj^jlj cLS^ dUjV a^AjJI ol jjVI 
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polyelectrolyte Cui jjjifcU jlJlaVI : AjjaUjjII jjVji . 1 ЛИ 14.2 jLuiil 

(lj tl) UiLui Ajj'Liiiall uLuuflJI ^JiS- JJjjjVI) AjiUuil j (^JU jil) Aji.jjil Aiuuill jJ 
flijfl. JjjijjjiWI jJJxjj 1 — jV y. mjS Jjjau ^il jliJjj (j t^) (jjjiil Ljii J^iUI JiLaJVIj 

jjjSjjil jjjxjj (j) 4j jaujj jjlc. jjluj Jjjj AjjjL ujUjji. AiUia| . (TEM Sjjja й) 

J^iiil jSljj Jjijjj Jjja. tujV j. ujjil JaIj ^il jjUjjiJI jjj LjUjjjil jjUjSj ji u jjVI 
6 - — ! fUajUl 9 jjjjuj 9 jjIj! TEM 9 jjj-a (^) .Jjl jjUI Ajjii ,»jjj (Nucleation) 
<ji! jjc. discocyte p ja. <jic AjU» uils ^iil ii>jj JLIj SUU carboxyfluorescein 
(^LSjUij 9 Jjjaj AjjU £VjjS WILLEY-VCH jjl jj 37 j 35 jj*Ajjil jj) 


Ajjjllji lULujj^JI (iUs-Ui-DNA (jjiAaJ) Л 2 . 4.2 

DNA-induced nanoparticles assembly 

JjI ji Alivisatos (jjjjUuiili j iAic-UjL j Mirkin jj £ jjj jl£ jS3 

4 1 л ■ >.r-V <JjjU . " II JJxjaj (^jljil (X_LLJkj]1 jjJJ. J jjj^ II jjajlj Ч IJL jjl JJjliI ^JjjUjjLU 

DNA o jjil jjjLLJ. 11 |1 . i'V'il ^ . Ji U1I JjaII Ajjjl jjlU,U]l frVjA Jj ' L .;1 Л* 

(Hybridize lUliU j^ii jU (Complementary DNA sequences) ClUuII 
jjij .(Double stranded helices) JajjUil j jjj* jjjk. spontaneously) 

AjjjU L_J&j UjUulj^ jj jJJC JJL^-U jA Ц tJj^U fU t (jjl jJUl (J J^.1 

iiiiiLJi ( jjlI j DNA -UjjU CjUjUj) (Oligonucleotides)^ luI jjUjJSjUjiUjU 
(3' 3' Ajl^jll Uc JjU luIcjj^j ^ (Functionalized) ciiij ^uil t<Uuu jjc. j 

^jUj jV iCiIjjUjjKuII lJjS jjc <j» UjU. SjU :OHgonucleotides jjUjjKjjj jAJ J * * 

RNA олс. ^ dji^jljjjKjill 
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о ^ ajcL^VI diliilal] cj\ ^Jj (jj^xul Termini) 

(Jj^jujjI Я^Лд-аИ <J^jLi]l CjLaJjui^JI j)-o Lijl~4 ^j Jajl^) c_flLjaJj cAj]\j]1 

( jjLLj^jo jl jji.1 j JajjjjJ DNA jiaA^Jl f. > Jajljll > JUj .( 15.2JSJ1I) 

^lc. 4jlgj l£) AjjjIjII CjLalui^JI ^lc. AjAaII dil jjLi jjK jJJ j*J jbU 4 'a^a ^j^)a diljl^j 



. ‘<J‘j-4 A CjA jjK jjjjxjljl 

ж 



> JIjji 4JjJi jIjcV DNA (JJjJI >лЛ _1 >jJl jjjL> <UaJt jluit (t) 15.2 JUt 
(Oligonucleotides- »^a jJjJSjJ >с^лал > » 

(lj) : — i TEM >j>-= uJU-a &***■ 4jjj Functionalized Nanoparticles) 
AJj (^) > 31 -nnij 8 -nm циЬз t_iAjJt > 4 jjjlj jjLuua bji jj J 5U > (j>« 

> (120-fold) 4> _ 120 JjJj l-a (_,i aJc J j < n- > t t "(Satellite) u jIjji jjU" 

Inorganic Chemistry : vol. 39 , no. 11 , (2000), pp. 2258- :>) .8-nm Uibjjc 

>Lj>t 4 j* aaJt (jj> (jjL 41 . Л -^jjUI J 4j£jjjVI AjjljjjlJt 4 jxj>I JjJ > (jj| Лл .2272 

.(AjSjjj&I 
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(dllCjjj]! (Ju3jVia) dj| .IjLjj^^jnjxj] 4 ^ !j Jajl_j]l ^3jla jjj nJjilaA]! (. flj*n]l ^aJJ 

4 ttuj Vi ^aJJ (jU! 6 AB-AB AjjjC Ajjj ^^Э Ajjjlj Clll aju.)^ 4_la-ujljj Ял_а^_а]1 Д_ЬИа]| 

(^ б^П 15.2 (J^juJI) j)jilli-A jjJjujLiij jjjjjjlj jjAjjui^ ^al . w"nt)l ^aJJ Ia-IjC- Uj^-uJ 

^^Э (ji]l 15.2 JS^JI ^Э 4_1па]| (Jj!.1a]I £jlnl! 4njj jA jualdJI ^LqjaVI ji ^jj]! _9 

4_uj]I (J£-uj J -аЧЭ jA (o jjinna]! 4njjl_i]l CjLaJjji^JI j)A (j^LuJ! jiajli]!) 4 hx a (__fl jjla (Jla 
JjujXuj LgJ AiUJI ^gJc. ojjinna]! 4njil_i]l CjLaJjui^JI jj Laj . CIlLl^. j] ^Ii]| 4я a'naII 
jauj j! 4niJ! o j^J j^AJ C(_£jI.1a]I £jlnl! Ajjj ^ jld ^l dxnj 4 'rsg a jj c. dilcji jj]£ jjj 
.Cnlj jLoll Ь jjxJA djA ^jj-Uiaj] J_aJ)^UI J_nLij]l CjLnlll (j-o jjj^. £ jj (j-Q l.lljA 

CllU.jC Ajc. (.** 1 Vu*ia\I (_^jjj]l (jlaA^JI £JA^n J_JI bjl j^. jui£ju (jl j^AJ 

cLtJj AjCjVi» II dllc. ja~4 aII (j^AJj ((janj ^ jlj-o]! (Jjjj]l (jCaA^JI 4n]lc. Sjl J^. 

^Vl .^uCal j jjAJj J J^J ajl j^JI <^jl jjjt'i (jjjJa jc. Clil ja oCc. 1д jLn 

L>^"6"a]! (jjjj]| jlaA^Jlj 4 lafi ja ^jjlLi CjLaJjui^. С j^.j £-a 4i! jjjj СЭ Ai! tcii]i ja 
J jUI j_al x-o'iaL/I ^ CnljjAl! йСД jjj ^a^J! ." jljji]!" Aj-unld ^jJJ^ (JlCjj tCi]J jjjJaJ 

t^jA V Jl A^jjlaJ ^_^.ja]I (J jJail Яз^Яс. j <JjjLi]l i__JAj]! CjLaJjui^ (Jj 3 jA ^jja]! £. jdal] 

jiaAJk Jl jjjui^n CnLui^-A <jIjaj jj£j jl j£-<n AjCjVi» II Cnlc. ja~n aII йСА j! (jjjli 

(J) (_£ j*^ (_5“il^ tSlb jl CnLuJ Jjjill L_fl JJ*-0 £-jLn cJIja]! (Jjjjn ^^^Jc.) c. V^'iuiaII (Jjjil! 
<inaj Cnljila Clij-l^, J! l-l^. Aj]Ic. AjjnLui^. ^iign]! ! 1 д Clni! .(AjjIjj]! (jjaljAV! 

jj&j jjLanj La jAj <(^ jj - o-U (jj^i (Single-Point Mutations) Sj^I j 
(Florescent Я -ijjii]! спК^-ча II (_g-]c. лппа]! Я -i. jViill <jjji]! jj^A^ll j-u^ vi jjla Uc! 
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•Probes) 


n*u ^ ^jU jUua - (i jjijl J-aCjJ (U. 2 . 4.2 

Spherical polymer - complex nanoparticle 

4nijla j]l Cnlc. ja~4 а\1 4_1aUJ! Ajjjlnil Cnl-ALujaJ! coblc.1 jjJA J^ La£ 

jli ttClli ^la .4nj j^-uj jj£La cbu! Cnli ^^jj IgxjA Vi j^j (Functional groups) 

£-JA^J ^sVlll ^ Sj-iall jlj colJ. 1 ^. dj -й jjj^j l—lilj^. - 1 ^.! Jai 3 jA Alili Ллп jaViII 
Лл.1 jx] j jaL> 1I CnU.jC ^ х-оЭ1 jaViII ajjjUjun 4^1 » "iaII (_£ j^.VI CnLlajuj j-U! 
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IgJ jjfL (jl j^AJ ^jJI tdlLA^IjjJ] jjjjl^j]! (J£joJIj ^>^kll ^^Ac. SjiaJjui]! dlLajAiall 
4 n» L_fljjia j)-<uJa AjI jpa ^aC.j]l LS^J й^Д 4_>JLxa ^Jc. (j^-V dj l3j jjjL 

^Via (Jl£joil Cj|j cjJXj-a Я -jJjViC. С1 з\_ха >1 ^l (J-jjj (JjjjSI U^bJI UJ jLui! jL 

VKLaII C1iLa£Ijj]I jj£! (jj Я_а1с ajjj-ajj t((jj!.lA]l ^jLJ] ojlc-l Anull ^^_n]l) Lgj 
lg_jl3 j J- a]I (j-o ^ La £A (jdtj LaAjOj tojjillA ^a\ >^J j J\£dl \^_1 0§-l]l ILb 4-SajuiljJ 

.Ллд1Иа jjO Jj-la. (_£-]] j-<uj 


.<jjL«ajj (Rotello) jllnjj (Jj 3 (j-Q ^a> aII J (J£jai .lC-l j 3 dia-daj л^] J 

(Polymer-mediated) -Lbuij-L! -jajIjjI! ^_i jj^LJI *Vja ^jaduil 
(Hydrogen ^ n> jjd^-l! JajljiHj udjxj Cil-bw j ^al , w"u*iL VjjjLjJI cIiLajjoi^JI 
jjjjlouljjll jj^LJI fddJ c^j^j .bonding recognition units) 

dil.ia.jj Lnl jdc. (Functionalized) ddij j jA\ dJ jaJ jJI Jc. ^^nJI jjJI 
16.2 Jisll) 4 Ia^a'I L_Aj*j]l dil-iaj] <IaL^JI VjjjLil l_jaJ]I dil,A >t uj> ^»ja>M c.” ia,w"u J 

Jjidi ^gic. c" i Vi c__flj*j]| С1з1лл. j j)A 4 m a lc-l jjl jl -1>j -ii c^aLnAjl] juaII (j-oj .(I 
16.2 (J^d]l) ^k>^kll (J.Vl« A £JjjJJ VjjjL dll AJ> 11 > j-Q fij jj£ Vjjj£ VjJ j'q 1 C dllc. JA^ A 
A_>jJ ^ia tLjlja. 1 gjlc D jlaJjul]! ^aJJ dll_A£ljj]l oLb 4_l>j]jSjjAj «k>*4 jl 43 .(сп 

^jj]| (jiil ^л> ~Ч jA JJ^l >>Пк LgJ AJjj£ AjJ jVlC. dll» A>*1 (jddn jlilA C-20°C Sjl J^. 

jda3l ojiaJjuj (."iVqVi iij . (^ 16.2 (J^dill) Vijxil Sjlja. 4j>j.j Alc. jVL'n 

(Diblock aJjLJI AjjLj ajaL^_ujI dil jaj! jj ^1лУ‘п Ju -i*j Lns ^>^11 ^1 _а>.^ 1 ^jjjjl! 
Functionalized Ait jaJI aJjSII J jiaj diLdl jjII j^j jx^. ^ cda. ccopolymers) 

. (JaL^. jj JJ-uni jJ <Jj£ J ja. J J 


dl^Vl Jj£ J JilH ( kjferH l 5.2 

Self organization in block copolymers 

^jjjj .AjjjLil l_l> jl jjfiil dlLjllaji <ajX. j| ja£ 1 Ag a I jjj dll jaj! J jll (. 1 1» l"i 

JJA jjLil jA I^JJ 1 JA>*4 (J Ла laj jl 4 Jjj£LaJI dlljj j>il adb (jL^aL jl 4 V'q^k jA cii]j 

j -0 ) ^Llj^J! LS j1uia]| \g k-a^ll к-аЧ (_ VjV j^AJ jja. cdll jJAjjLll CIiLa (JJj 

cj\, iK x II ^ jjjll tLlli jA ^aVi j .(Momomer synthesis j^jjj-Ll jidi cdnk 

jiajll dc. ^AjIc. j . AjaJjuiil! dlL£ jluil! jA <aljdA ^! jj! J\ (jjjj (_^Л jaj] j^ VjjLJI 
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^>11 s.i]>]l Ajjljjjall 4 jli t ^ Jl^ ^iLJl (jjjjLall <jjiil <j^. J jiSlill j II > 

< j'Wvi (Block copolymer) 4 jaI$jAH aj^jaj! jJI 2Jj£U AjjliJI kiK^JI L>aj*j 

. I . .-» 1 4 LoLqjA I 



(<_i) .AjjiUil jjl ajiuiaJI *_ajj Ljl.lL (ji jj L J JxIajI <_ij*jil JjV'jA. (!) 16-2 JLLjll 
i- 20 °C Sjl Ji. 4 ajJ jjc ( j) j 4 i ijxll Sjl JA. 4 ajJ jjc jjjLLaj 4 j jjS UIa£) jjj TEM jlj JJA^ 
. (aJjJajijl jiLieSLa JjiLiji jj jjb 43 JajaII jj) >1 jjj| jjuij j jl jaJI >xj]I jljjj 


ljI jjuI jJI (jj ^jajiill ^Jc) (Copolymers) ajaL^VI cjI jaj! ^jII jl 
> (jjiliLa >j >i > (jj£ii >11 llIjajJ ojII > (Homopolymers Яйл1»11 
jl) (Segments) >jLLi > ЯлЦл)(1 ciIjaiIjjII AiiS >lLiij .JiSn > cjIjajLjaII 

J< ■~~’ll ) JjjJbL-j 4 JajI jj I>jj Loj 3 4_lajl jjaII j < I ц\ iaj£ 0>а1а11 jajI jll JjjLLj >i ( JiLI 
PolyA- 1 I a^jIc. Jjj) jj ■ jajl *jaj jjljl Ala jj jajI jJ I gjlc» JLia Jajoill j]j t(17.2 

^l jjLijjl ; kljg jjj ajjL^jji'VI CjIjajIjjII aIjS (JjLlj >i . (РА-Ь-РВ jl Ь-ро1уВ 
CUl >ii >11 (Living polymerization methods) SjaLII jil jL 
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JA _^j £А JA±uiA (jl (j^AJ j." n^k ) i JAjAjA (Jjl O^aL j*-J <1 с. 1 _з 1 л ^Ajljjll 

.(17.2 Jiill) ^ ^jlill 


i CA ^nlVlll QA jA*ilAJ £_uj|j j-Q CS^ A-^lg-ujVI Clj ll_JAj! j2l C." 1 аЛ Vu*ll jil] 

^ajg Ьа (jl-lJuJ ^jj . A q\“l4 a\I ^aj! j2I (Jj£ jA j^. (jC. AAjoiLj (j^ajl >лл 0_*j ^al ,W"uJ-J tiiljj 
(Jj -аЗ ^\j_Jj 3 ^ J,W"n Clal^jAj] j2l aJj^I Аа\л Aaua ctillljA iAjjjljll l_i^.jJjj£jJI 

gi Ubj liliL^ U^j ^jL (^iil j ^(Microphase separation) ^ jj%LI U jjla 
. (Jj^a^JI IU (j-o AbLJI ^aLu^VI (_g-2 fijjljJl cjJlj jC. (JjlojjLll (jjUJL 1 g AjlVn 





n 


л -& 

(JjLaiLa 



Jl Jic. JAiljJ 



J g ■ ■'' ^дл! 



i(Homopolymers) iljUUI CiljUjJi i_iJjj jjjU ^jbJaJJI jjJsjJI 17.2 JJJI 

■ 4jalg ,n*ifl JjIj^JjJI 4jj j .AJIjJjdl Jlj^JjJI 

jjla^ Уак fbjj . 1 . 5.2 

The physics of microphase separation 

U jjia JUUI Jl (Incompatible) <UajUl« UjU ^ ju ^ jJI 

iluaj iAilHa ( jl Jai) Ci'VL^ Jl jjlUI j-i'UJl Uc- (Phase separate) 
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aI j£ jj33j Л^! J ^aUjJJ Lpc- L&j^! ^ h^ij 

jjIUl ^Э ju-aU ^t/iVi V (jl ЯК 1 ла\ 1 4_uajbtlA]l Jjill j£un t A_i-oL^_ujV 1 dil jaj] jj]1 

tcillil A yfv \$j .4_1aALujJ A_lalljl LllaJj iajl^JJ L^j^ ^j^-uij j£UJl ^JjJjuiaII ^^ic 
(Jj£j| JjIaJ ^~ч^к11 ^Э аАК^а C1 iV\,-4a\I j-Q AjjjJ <. aj\ 4kS-i 4_1a\ g,xj.)Vl CjI jajIjjII 4_]j£ 

18.2 l£UJ') 100 nm j 10 nm jjj ^ jl jjj ^ла ©jlc . j t jaJ jJI s jlalnJI 

Л_ш ^LunV \_&jji_uj j£-aJ JjIU! jj -аЭ Sj&Ua £-й iii!jj-<J! ^jiVn'l Au^,j.A jl ^ 

. jIa jjUI ^jjjIjLo ^glc. 4 j j j Л 

jj^. ^ : (JJ J^ 4 _iaA! ji ja! jA ^L^jJ jajIjJ jj^x (J^j ^-ч^к\1 £ ja. jl 

^gic c jj£-o (J^] ~ч \1 £ j^. <iLujjj l" п*ч) ^^ajaJl SjJaLiLo A-IaL^uujVI Cli! jaj] jj]1 a\ j£ 

a_ijj (J£-uij ^a_ia\_^_ujV I ciil jaj] i jjII (Diblock) ajjLj]! aIj^II ^i 0»5 ^jLujj ^(JUIaII cJjfuj 
^лс a J->lli1 jj A_H-ujjLjaj]! (JI£jjjVI j-o Iajjc ^gic. (Jjx-a^I! ^xij ^(Lnmellnr) Ajillij 

4_^\_uuJI jjajiill 4 jj 1 jaJI L^j-qLjUI (JjaJ 1 jj\j j .AjaI^-uj! dil jaj]jj A \"i^\ ^aaiaJl jlaLn 
4ll£ ^i Aj Wu'l 4j n J1 jLjuJI iJ-JoSj tdiVl's а\ 1 jjj AjIij]! jlajui]! ^i AjaJajuil! 
(JI^jujI Clili CliVL^-o ^jjuj] <j]]i ^xijj . jlal па\1 jjC ^aaiaJl Clili Aja\_^_ujV1 C1j1jaj]jj]1 
oj3j (JiV! jj^j\\ I . Чзе j jj^VI CnV\ а\ 1 jj LaAjjC. j! Ajjj£j tAjjl jlau.il 4jjujjj\uJaj 

CllljJA-o <. Llx-ajJ Jj^Jj . (<__1 — 18”2 J<\ji\l) jikVl jj^<a\l j)-Q Cj\ijix-auil Ia\ *ч а\1 

JLfljjl Ajjg a ^l , W‘u J_1 LujLujI AjaI^uujVI Cj! jaj] jJI A \\$\ ^IVjII ti] jLuJlj Ll^.j]jijj-<J1 

s jUajujl JjLj c(Transmission Electron Microscopy - TEM) jjjlSlV! 
Ijj jjJall Ajj^-sa'I iojj*_L-all Ajjljl! dlli (SANS/SAXS) Ajnui Ajul\j j j jj jjj 

.(AFM) ^LjU! djill ajj^aj t (OM) 


JA^U 


olax 


CjLui! jU! jl jj j]| ^glc 


jL -аЭ fijAUa ^Э ^i I jji£ LoL^-ujj 

t 47 ' 48 (Copolymers) ллЛ^у\ aj>J jJI JjSII J (Microphase) ^ jjSjJ' jj^I 

ji^aj L^jV 4 _i1axI 1 <Jjj\j]l Ua. j] jj£j]l CliLsjjJaj] oAjAa-a A-oi Cjli A_]j£] 1 ^Jaj j! V] 

cAjjJaLUI <1j]a]1 Cll jJjjI! ^Э j . jiajLj]! Ig -JaxJ ^Jj A.Hu‘i\Lj CliVL^-U! ~ ) L Vi j^ jjjja (_JAa 
^a' Jaj-uil ^aJ l" 1 l^k Aij3j]| A_Lic.V! ^JjjfL-U! jjla]! (_L-a3 ^Э jaj Jj^ail A_l^.jJ 

Uj-uaall ^aJ J3j . JaU jj]l ClVL^ -л ^-llajj Clial (jj-laJ! lajui) jljWLU Hjli JJC &jj£j 
L_lua]l A-lajuil jj Ig-Ic jlaJjuiA A^Uuui dlli A_ia\ g ui^ I Cj! jaUjUI j-o A.\"i^\ Ajj3j A_ilucl (^gic. 
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Ajjbisl w u^J' * *-!'•* L- пЛд 4 J] JjjJaSj JJC. L-Jjia j-a j-aj] jjU (Spill CaStillg) ^j-ajJI 

j-Jj-iU! iJj*-aj (Jj]~k Л jjU jj jS-aj -A-a-lajjia jj!-S j Jc. [ jj£Jl £J-a^J Alil -ал (Sol Valtion) 
Л Jlill (Annealing) ojaUII .jlajjLUI jjia Jl alliJI Я£1д^ ( AVill ^ 

■ A Q ’"' s CllVL^-a a 1 Juji \l A-bal^-LuVI djl jjuljj]! A ]j£l ^-jl j]l - llajj]! 


I- 


» 1 (im 


~ 10-100 nm 


Ц ^П/ 

i в\/\ >ч 

1? лД 


(Г -А» 

•> ~Af 
сЛ- С^- 
'Ч^Ч-г- 




О 


jjjAjjjj 0J ja : АаИ^дД ljI jajS jJI jjL fciSjluj ^ Алл -uLjVI LjlfctlkV! (I) 18.2 Jiuill 

jjA ^ c( jLuuSI ^ij) J-uj ji <jjj!_iLa jjiiHa-a jjjjla ^ij J^aLL jjLa jtxlej jj^jLuta 

^j J^ailS (microphase) ^jjSxLI jjlall ^ (copolymers) ЯдлЦ -uVI cjIjaoSjjSI 5 hs 
Ajj jjjLuaj JLLuil (L_ij . ( jj-jjJI ^il) Jjila j-4j]jj iajjUi jjjLLj ^ic» AjjjJ ljVLa -л 
ljI jjuS jj 4 ii£j Aiiaj ljUj^j 4 iauil jj Igjlc» Jjua^i! ^j 4 _luiLuiI (morphologies) 


A Л 4^ ‘ J) 


CIjI jju! jJI <1j£ CliLfL^-A ^jiVn i_Lol£ o jLaju c4_i^. jl j'i < \"il Cljllniajll 

j^l jlll ^a^C- jc. jlaJI L_SjuaJj .Я -QjujL^. A_1aA\j ^uuiJJ ^^ljll Ь JJ^jll AJjouILj A_1aI^-ujLH 

jLiVill jL-u 0-lLuJ jl JJjJ jjjaluJaj jjjjl jjLelc. tiilLlA jl V) i4-lj^ — <1 j£ jjlalAJ 
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iSUallj ajj^jllj (Jj^ll (jiJ Clj!>lc.liUI :LaAj 11 iaLj.J 1 jd^. j^jLljjj 

<g_^j ji^j jl cAjoJ (Jclijj jjUI jjl^jll (jl-uj jA . ( ^^-^Ja-uil! JJjjll) S-lj^Jl J (Jj^ll jjjj 

JjaUJI c_iliJaj^VI ^ . iUo"n LoAixi .SjjS jll ajjIjaII dilajJall ^э (cjVI^-UI) ^-^LUI 
ja IJLb ( jjjLill UKl ajjL^JI ^l) $jj£jll (Passivation) jjfL ‘CuVU-aII 


SJblskA jj^J o jj^jlL jxjIjj *iLujji (.** n m jA tilli jjqVjl jjlall jjj «^L^'l 

jA jj£jj ^jl JJUlC ^aI^-uj] J-<u]jJ jj£j 6 jlc. j) ^.IHuJaII ^^_aI^_ujVI J-Gj] Jjll ^1] *Clulillj 

<ijjla Jajojl j] ^ . (^-aL^joiVI J-cj1jj1I <1j£ ^Э 4_a^Jjola 1I Cjlj-ojjjAl! jA 4 n» a 4_luj 

A. L^ AjjjJ jc Ьи1э Jfll A^Laj-u (jj £.LujC c-lillj ^ajj CljVl а 11 (jJjAC 4-^.jJ CjLi^JjojV 


JjijbU! j^ <JUj Я_ 1л_иЬ jl! oLa ^^jjj .(Polymer Bulk Periodicity-PBP) jaJ jJ! 

1 g qjq Vl j^AJ t (^^aI^-ujV 1 Ц-^и^! <lj£ <JJjJj ^Lujxll A^Lqjuj jjj L_LujIjj 1 ! ^a^C ^ IUmI 

.AjUL^J! jL*jV! ц^-3 j^jIjjI! AjjjJ cjLt-iluilj ^lajaj (jil! JL^-aII (jj jaxII &L^jV! Aj^. jjj 


CjVL^-aII jjjaj (Jja C(J^jaC *C^jJ CjVL^a (Jj£-ujjl (J jiJ jjLujj (iilljAj 
jA J£ ^Ic ojlaJjaiil jjjl^. jjj ^Lujxll jj-a^j ^tSjj^jll JaJAjjj ^cAjjLj^III 


jaj! jJ| <L£ UjVL^aI microphase ujj^ja' I jjJal! ^nlVn j I j^Ll! 

<1!1a! jLau] AjILII dil jiil! ji ^ij .S jjuiLa 4_i^.jlji£j jLi SjjiAll ^^-aL^-uiVI 

.AjjjLl! AjliU! UjVL^a jA JUaII !ла diLil^AV ^-Lj ^jil! tSjj ^. ja UjLajjJajl л Laa 


ЛиаЦ-ш! JjIjUjj AHSJ jj^jall j jlall Ja 2 Jc- <Luli clilLubj . 2 . 5.2 

Application based on microphase separation of block copolymers 

Direct metal assembly jjjudi juUUI ^»11 1 . 1. 2.5.2 

CiljaJjj ЯШ (Microphase separation) jjjIlJ jjLJI J^a jl 
> UaC jj£j jjaj t L!c > (Diblock copolymers) kulu 


jl c-e (J^ ■'■' ^ ^ L. djljlajajl dj_ajl AjCjx-UI ^UUI CljlU Ijla .<Jj!lj<ijjlj 

.ibU jJjJa^Iil L-JliS ^аЛУи J j! j^AJ jj£ld! J-a a V\ 1 jli iLljiLuj <LjjA ^jLia-a jl 

jj -аЭ jA (jujLuij Д -Ljla Д jVl» a til^LuiV £C^L ^Li] IjIja jiVi Ijj .4_L-ajA AjVl» a 
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djl ji] j jiil ijjjjlaj (JjIxa]I j)jj AJJjjLjj £-1 jjl jjji djjjJ <jj J xjj 4_sjiL djLusoia. 

— l_j — (Jjjimj]jj]| jjji jjaLiid j^L. aj x II Jjjjjjj]! jaj]jJI jli " J jj ]1 jj^xji]l 

(Polystcrenc-/?- Poly (methylmethacrylate - - (cjLLj£I liw Jjjjj) jjjcUI 
Clliljjil Ijjj (JjJJ-a J Jj]l (j>Ji Ajjl jlxail CjVL?-a J^ -'j (ji]l ‘PS - /?- PMMA) 
(_5 _j lajj .(PS) (jjj .;"uj.;l jj]l jj ciili jL^ui Д )a A л j 50 nm А jjJ dili (PMMA) 
J jj]I Jjk-a (Spin casting) LJ jJ J ciil jLi ^ ^lxSI <il j^VI 

a£Lojoij (Jjij «.LLic. jjjij] SlNi — il jji s jjij Jji (PMMA) cjLijii Liiji Jjjjj 
(S ubsequent annealing) jjAUI jjjiLI jjji .(50 nm) Sjjiia AiLjuJ ЯЬЧл 

AiUuaij) j^xxil jj q jjxu Jjji j j jj Ljl J^. jj cljjlj .LujU. Ajjljia CjVUji 

jiaxj JxiSL jl (a]^ja]I oLa ^i . jjj] jj]l j_j]L jjI j jji (0.5 nm il <jxajI 

(Wet) jLLjj 4 . ^allj __ja LiL ; (i 19.2 Jiciil) jjlxxil ^ ^Jj 4 j.,;~JL j jl q"'.;V I 


JuaLuajil j ^jjAj'VI jji Ji Jj*jj <_И (PS) jj Jjiju] jjll JUji (_glb-aaj JUlj 
J j ■ ла II jjjjj .(PMMA) C_jLLj£I lilA Jjjja _^_i jjil JU-a ^_21 djjjijjilj J.; v • -aLI j 

JliiiVI (Jji Лл^1 jj ■ jai jL jjJjj (^ 19.2 JiLil) ijlaijl X 100 ujjLL La 


. __j£ ja ^Uaj _;iVn o jl_c.j r ^lajou jjl jjuijJi ^ja.U jil 



200 nm 200 nm 200 nm 


JSjjII 4_ш La ((jul^jjj jjujjj 4ii£ i_i]li ^liiiuAj Ajjjxe Ajjjli libtuil jjjSj .19.2 jSjli! 

_j) jj !('■'■* JSjjla L_iili ц]е- liu jj jjftiil jjxj jUj (!) : _j TEM jj^a jfr 'ijLc 
JSjju i_j*iil diUjjx Jjxu isJxlj 4 i j '■ siU 180°C iifr j-iii!l Jxj (i_j) .PS-fe- PMM 
(jjjjl! jjjULSI jA jj| j jjSiUI ljjjjj jjjl (^) . JjjiiLu jSjjuj PS II jjVLa-a (^JI (jjLajjl 

(JA (jjU 54 Jdjl (ja) SJAJjjiAJ 4_iuju AjjjU jjjLuli JiJu Lus ijJXdjl JjAiU (jd (jl Jj jj 

(X 'j \a. a" (jjLuSLs LjjU » 
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4 'i-"*IJA djljLulA ^Ac. (J^.1 (З -0 C^j'I*^ ^^J.1 xa]! (Ja^JI (j]_9 IcA 

^J] 4jl^_i]l ^Э (_£.1 jJ ^j]l cAjllc. A_liJa-uj CjlsUa (jClx-<J! (jiajxj icillj £A .SjaIuiaj 

^liliV! L_llujjj]! bjJJJjJ jjijj ^Ajjj 6tjl]j] .JAjljjJl L_llli ЛдЬ^Иа ^)Лха 11 ^ljj 

<iAjl £aj l^. SjJxj-a AjjCx-o CjLia^ £a (j?\ t jjl jj]l jc. Л* jl j£ аЛ^зе \ L_fljjla jla 
JUaII ^jCxa]! Ja^JI 4ja£ Sjljj (_j£aj lc^Aj . (j^jl3.l) l.la. Sjjj -аЭ (jUj 

(CjIaJwI‘ 4 j)A JjjjjLuJ ^Э ^L^jjVl J Cjj^Jjlb ^jlxJlj L_lluJJj]l jl j£j Jjl^. JA JjJa^A]! 
ci]jLujl jjj£j] Ajjj\_j]l CjLajjui^JI J g >.s-i\\ L_flUaA]l Ajlgj ^З j Ailj^j 4 u>» ja Aj jjlj 
AjjIjj^]! j-ail . ^.A-" jjjju j£_AJ 1л^Д j . (^ 19.2 и К.и") ojaILaa Д_йЛх_л 

■ ' ;йЛс.1_±1л <J jiL '"'I . JJ.) 2 ‘ ^-2' ‘ Jjj t ( Jj -Л-а V) 2j*_ll j_Q 2а_й±Л 

aJU± Cilul j3 л±с (jjjjibU _LJa (Coulomb blockades) u±a jl jS jL^a. ^_4 ±±j 

AjI>LjI j-ajjlj tAjjjlj d]2Ljl] (JaI£]L 4_L_a jjj dlljLob. t(LUij JiL jl Aillaji 

. [(a Lajk I- V t"'l ш. j_a) A_l_.jl 


Porous membranes 


separation) (jjjl±dl jddl J___aa 


4 _uLuu AjluipI .i—i. 2 . 5.2 


i> 


jliill 


AjjsLobo jjjlL-a ftLujjV JjLII jjj (_gjLbu£]l jjjjijII _ла" . j j| jkju t(Microphase 
jjc. ^j^jaj a tJ ajjjjIjj (j!i£ jji Ac. j’n_aji'l AjjjbVI jj£ij .(Porous arrays) 
(Minority) (^jl^VI jjkdl aJI jl jfLj Cn^. . j_al ч j£uij (J>a1I 1ла j> j jji_o ojJaLiLa 
j-o AjjjLi ^_jj oLLil ^_i 1 ll_LI 1лл _лА" ■ .1 ~ i ’ . A. )L,..iji djL L-__a_o o&ljj ILjL jjjjuLL 
^jjll jji c1i1jjij]jj]I j_o (Triblock) AiiLL AliS jjia.L]l _ л a" . ■■! j^j . ^_aLaa _z]j_qI j-n_ 
лл* 1 « ja (B)j (Polyisoprene PI) лл* 1 » jjjjjjjl j* A — W Ljjju AiBAo 
ejkLJ j .[Poly(Pentamethyldisilylstyrene) P (PMDSS)] jjj >J^4A“ d 
jjjjVI ^лУп.С) (Bifunctional) Aiilaj]l A_ulii SjulVI LLLailil Jjji (jiil ri.>.j]l 
j j£LLJ Ji£ (J jjd C_l3 j]l jJC. (_^3j tAjj jjjljjjj^JI Ji£]l Jj_jaSj (a j . jjj]l jj3 AjlLL I j 

JjjL jc j .(Silicon oxycarbide ceramic) j jLJLI auj£ ^_>i jj_± J 
kg jj jLli) (3D) jLbjL/l AjiLL A ' . _ad _ jaLaiA Jjjia jc. LaI . ^ a. 'I a 1 jjV Jj 3 j]l a IL' iV I 
(Double gyroid) j ja> ^ла лл*1а Jjjjj> c»> JALU .24/100/26 mol 1 
clxj^/l 4_l£}\j ЯЬ -aJA Яа1с.Л 4^U*Ii jl t(c_J ^ 20.2 Jilll) t^aLuiA J] Ig-LjaJ ^»JJ ^jll PI 
J£L jjj£il t44/ 168/1 12 kg тоГ 1 jj j>] (3D Connected Strut Network) 
SjLiVI jj> j [ j 20.2 JLdll .P(PMDSS) — Sl > jj jL*_± j j-> ? j ±л ___j j'udai 
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UaljC. ojjiill CLlljlij -1 iJ- ' Lgulc. J i juuaaJI j£jij V аЛЧ» л\\ jLxjV I А-рУЗ Cu]l оЛЙ jl Jl 


.2 1лЛо'Л| 



(Double ) joJjHil ji sLajVI i^jjjui 4 ujA CjI j Aji. sJaj] ^lnhVi (jLuj (S) 20.2 jLujil 
(Triblock) AuiaLu iuul^ul AjjjJjj 5Jj£ ^ uL±s.j ^l (la3d fUSaiil Яс -j « j) gyroid 
5 jjjIuuj cjUjjj (Jluij (Minority component) ^VI jjSuill ‘o^l-* ^ ў j 
jj PI jjSuj jj ^jilaiiV) (jriUIII j J jjj -(jj) jbjui (JSjj Ц2 uiiluajjj jjj jbuVI AjjVj 
jjjii jji) (jujLuuJI jjujl jjjuiil jjj Aijiufluj (t_j) :^| PI-b-P(PMDSS)-Z»-PI — Sl gjljj 
jjiuLui ujLiiJj (^) ji t (ujLijjui (Jijjy PI — il tijua. i. 24/ 1 00/26 kg mol" 1 jujji juil 
PI — II Jijiu tiuua. ikg/mole 1 112/168/44 ju> jujJjj u_ui jii) Д_л1с j jjjj S u aS i 
j^Jai Axij jujJI (jLLlail 1 10 nm ^juuaai ±a. ^lijj)) AFM ^lijjl jjnfl . (Aijiufljjil 
, Js Г jh< nll iiiuil V' s jIaLiuji) j-u jiuiLai) al£La_ail :(lnsets j 4_а jJulSI fLjjiVI i(2jibLui 
. (i» jixi) jjjiii 44 jjjjVI 4j> iuaJI jjj jjL 55 Jua jujJI juij 4ula_i) з Aa ji ^ jJjuiil ^ jjuJI 

uliLuilia j i / jc. j£J 40 m“ ^l jau 4uinll jL...U 2 j. ull i_^LuuJI jl 
t—UjJajjj 4jLiii (JLc. (jiajxj lillLiA jl jg Lij 20 ПШ ^jil ju. (Strut) 2uiLc. ill/^LuiuJI 
р jjajju]! (JjLV, ju 4ain]l uuLaLuujll j ^ujiuj]! ,ua-a _l ( . j£ujjj . ^uiiui (j£ uijLauua] t LS 

Cll juui jJI £л ^пЦиЛ! Juuij2l <]j£, jjj t ij]jj]| /LLa. jui jl t^JJ jjull jjjil ^Jc- 

iuaLuaVI о jju2l j .((JjLiujil (JLaujil j . ui j (jiil) u_jj jiil ^jjjaJI j j jil uulj 4juijl_auuj]l 
4jSuiuj]I 2ujjill CLajjjfljil J .4_auLj]l L1iL£juiI jJuill Lulujiui jljiiuilj ajljaJI jui jjilu 
a jjJjjui ( jjjajl CuLujJuuiaJI (juuaal iulLc. a jl jju ija. j J Ljc. 2ujjLj ^Lnui Luli 4ujuC.| 
Lul jjuiui . j j - ,.v I lujuuu) ^uuiljil jjLajj a I Wv I 2_jjL£uij ^a Ll Lla u LualiVil 

(JjjLjll ajjjil Aujji jiujj . (^ jLjujil p. j Jujii ^ . .. I jl jLaiiil _K ,'MI 4 jjj 4x_laLijuj]l LuIjLuiujII 
jV ‘2u]Lc. ajlja. 2ja.jj Lllli jjjja. (CcltalyStS) a jLia. jl jui ^lui'/ ^c-LuiS jc-LuuU jl 
4 Li.,.l ji 1 ,0 jr_ (J juuaa_]l ajLc. jjj) a jLiaJI jl juj]] luiLc. Luiajxj ( ■ 'ILn jLxill jjiaull 

.(jacljli U J,KII i_aLuuj]l 
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аз<Л ■ »4 Jjjli 


RIE (СҒуО г ) 


U Kj \j KJ \J I 
ТшпТШТтТПТШши 

cjjLUl ^ijjj /л 




Л. ,Л \ *\ ' j *' ' 




~1Я 

ВИЛВРЧ1В1 


шшш 


RIE RIE 

»Д i n u и 

Ajjjj /уУ |/7 jjLiLJl JjjU 7//j 

У11шш1шп11П11Ш1ш1т 



250 nm 

fluuj fjj .Ajjj£ PB UjVU-« cPS-/j- PB — II ullj^ (ja (jk\ jc* jiJ £lii ^oluaj 21.2 
t(A Tu * iM fL» LUouj ^l PB tiliij ^Ll) (Ozonolysis) ^ ^ UJJJ^W Jj]v‘Hl4Jauiljj Ajjj£ ljIc-I jS 

ja jl AaiLui 4 ju 2 >\ ^Lul jLaj ^jUibj c (jmjaLII PB 1! 4J&i* 4ujLLa O^Oj ^nkT Hj jj jjAi C5^ 

jjjLil Uu^Vu*il j4 ji AoiLui AjlIsI ^lcV' :<LILUI TEM —11 jj^ j^Jaij . ^Luuuu 

<i£l Ll LjkLSI j djlcl j 2 jLuuil ^JI 3 jjuail 4 vll ftll ^jLJI ua (^^jljail ^j&) к jkL^/uL jlau 

HjjjL ju jJlij ^lc* 4jiuu jaLojl : JiuiVI ^ i 4_xkLa PB LjVLaua jjuoll ^jj d jjuall ^ 
uil jxill ^jli Ajuuuuj jjuC ~ 15 nm jLuuII ^j| $ jjuail 4 vlUII JpaLuJI uu c jj£oluj| 
^J ^juil cS jj£ jll <^i 4 £Laui ~ 15 nm ^uIjI jJuJI ^l $ jj^]| <ji 4uSlLI jjkUuilj cS ja£ jl! <^i 

. (^ jlxil ^nioi 4u£ jjuVI 4 j» 4vll ju jib 56 ^.jLI ju) . jjOAuil ju l$*nl <ал 


Nanolithographic masks NijlUll Lal jc-jiuM 4 аи &1 .£. 2 . 5.2 

^jaj]jj] ajIaLilA juc 4 _]j£ djVL^ua ^j 4 uuil]lj 4 jlil_uiu Лс -Ijjj ^laLJI -ч _JfLu 

fljju ^Ac. jpuJi-A fljl £_a ^^ 3 l_jC.jjj] ^Li 3 <jL 1 aj (JaxJI 4 jljl 5 -<aj ^j ^^uaLguujj 
4 _a L iil jC. jjj L 4 _ 3 jlLa) ^LiiVI J ( 4 jjjU»i '1 Liil jC jjJ]b 4 _jjLL<a) 4 _ 3 LiLujVI 


cLdl jjiauj A£.jXLa jjjjVb jjJJ^jjJjgil 4 -n 11 * o ejjjjjai :OzOnolysiS jjjjVb jjl^jjl ^ ) 

jjaII) jjjjVb AjaJU-ail £jjj ^j]l d&jll jl, Hydrolysis 
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>J! 4iL3j]! jaj]jj 3! <jj£ (j^Aj . ^<IxjLuj1a]I (jjjj£3V! 

Ял31 jC. jjj] ЯлСэ1£ (Ja*j j! j£aJ (djbj£ jl CjUI jJaj-u!) ^аЛаЗ! j)A fi-l^! j Aljla Ivh 

cJSj aj 31£ ;(Reactive Ion Etching - RIE) J&lildl (jjjVb (jlumll 

RIE (Jc.I_9ja]I (jjjj /Ь (Jjjjajj]! cjVL^ -л t ^\j4 a <ajILq ^э (^-ЬЬьЗ! JjLa. (j* ^^aUI 

(jj£j (jl (JI>a\I ^аЛаЗ (j^Ajj ^((Staining) ^c-iLalil! j! (jjjjVb Ц)\ Vill ^1лУи*Ь) 
JUJ!) (Underlying Substrate) ajxjLjV! s jj£j3! JJ <j^ja j <JLj сЯЗ jiiA Ц 
^a t 40 nrn лс -bjjj jjajc. 20 nm) ^-ujjl vb dilj^ <jj£-b! <ajjj-a3! J*bij .(21.2 

• (cm~" J^3 jj^s 7 x 1 0 1 () (Jlj^. Ajjbiiluj! 4iL£ 

(Jjjuj (jc. ^uJajJ Л^Зэ .aCj La j Д_а1с. <jLaj Lijl ojj£Aa3I Ьэ! jCjJj]]! (jl 

(Microfabrication) ajjjIiJ! ^/u^j'l ciiblij jjj j 1 >jj ^aU! JXk > <j! c Jlld! 

u <u*Vi Ajjjb]! cIj! jjLJI (> AjjLuua i—fljLix-a (^lc. Jj^aU! (jL<u C(jj^.V! 

cjj Sj£li£ GaAs Sjjb > J£ Jj*jjjj ^j !i!j ^ . GaAs — S! > <L-ajA]| 

<jLaj]| оЛД ^Jaj-oljJ £_jj-^aA3! (jjjtJ! Jaj» j. s ~ xa \\ j-aji3l jli с(]У1етОГу bit) 

(> (1000-fold) jjA 1000 (j-o jj£! Iaaj Coj^IJI! > ciublaj^ 750 (>jJajj ^jja 

.LJbd! b^j]jj£J! 




шм 
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(lj) . (jjiaj JUui qlkj JaILLI 'JaLa j jjjS jjuijjJ 3 j > jal jj л jjfr AjjUj 

PS -Й-РММА — й j* i800 nm ASUu. <_$ j TEM 3 jj-ai jadl ^bUII 

llu JAu j_jJ jUI JjUljkuii ji 1.25 V/(Xm > JLau <UjUj J&j jj^ j]| ^jJc- 

IS jU lAUIjlj ULLaJI ^jLlVI jjUUI (^) . f Ujjdl JLLi. jj LaLlJ jjxj (PMMA) UiLUjSi 
(Field Emission ^U-UI LlUUVU ^jjjStyl ^uJI ^l jc jj£jj (j) .LwLube fUic 
PS-6-PMMA — 11 jj (jjS j *LujU Scanning Electron Microgram- FE-SEM) 

JUIj Aj jjU LbLuii AjjUj ( д) Ujjja jC- jiajjj Auil jU. ,,SM PMMA II UiVLaji AJIjl Jxj 

jj AjjjU ISLLuii Ajjjj ■*’ Li, ..' SEM 3jjua ( jj .(jJUj^Ujl <— uuijjjl Ajauiljj ^LuJI 

jlj jj> jjU 58 JajJI j -a) .^Ц -uiVI jjuijjil Ajj£ ujjll Luja. ^LuJI bUu UijUjJjl 

AjS juaLfl AjxjjaJI jji jiU 59 jajjLI j alS jui 3 JjJaji a£ jj ji jjj WILEY-VCH jjjL 

. (jajjxj) jJJjj 


A j. л11 i fl ilwal UaVi -Uxj jjjlajUl . J 2.5.2 

Long-range ordered arrays of magnetic elements 

.SjSI Л1 UjlLjaj aJLjui J UuiLjiI LaLiia (Addressability) al jjUI aULU j»j 

i Cliljlnll 4 Q*1 Q ai JAj ^Lj) иғ -0 ^^) -u>^^ <Sj£ L_Jla ^1лУии1 Ajl^jll j^j I bli 

-Ixj 4jjl^)^-]l 1л^)Э jJ ^jSI tiiL (j-o jJ *'^ } (JjJaal ><<J -1д^1 (Jjjla ^jlVn 

CjIjJ] (Jj^JJ ^J) (_£JjJ (jS AjI^-aSI ^ajlajjll L_JjJC. cljjjjjJa I_J-gI 

4j11c. AjC-Ij <Jjoij Qja ±1 V Clllajjiajll оЛД Qja ^J^xll ^ia ^J) <iL>JaVb .(Bits) 
CjIjI jla-ujl c-Luj) (J*Jj .(CjLlnll ^-uuJajx-LI ^jj^JVj]! ^Э C(JI!1 a]I (Jjju ^^^lc.) ^-obLoi] 
.4 jL^.VI jj A^jajuj Aj^ajIjj AjjLc-I ^ S jj^^JI ^^^-lc. A-pj-oC- 


JJC. PS-/7-PMMA — II (J4^]j AjLoC. c-Liil ^Lj^JI JI_i-<JI (JAjiaJ 0JJJ 
jiC- LjIj ^jjxj (PMMA) C1l}L^)£I ljj>a (Jjn-a ^jj]| (jjQ Aihxs' l-o CjLI jLuojl ^Jalri-all 

^pa^jxj]! L_ ) Uxij 6 4 <iLjj) -IxJ ^ ^.(i_J cl 22.2 (J^aViSI) ojj^^JI ^gJ) c-Loix]| 

l_j]I_x]I .1^1 j Cli3 j ^Э ^JjJj PMMA ]l (J!)L^jl A_i^-udijj]l J^j3 AjljojLL ^jjjL±a]| 


A jjj .(jLjill aLL jjc. l^_lx^ j tPS Яа jix^ (Cross-linking) g^L^j -Ци J) 
22.2 (J£-ud]l) aLaC. Ajjljlajuol U_JjL Li-aLai^ c Ljdx]l uL All (jjxA^J ^j^.!>L]l L__ila-ud]l 

.^-ujIJjoj (jLudJ 4 -aJa i-Qj 4_u^ajju^a^)-Q gjj^j oLkj (j 
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^ic. .ьЛС- ^ljj а.^А Sjj^jJ! jiajxj A_ijI jIijujV I L-Jjili]! jj AJjli]! A дуАИ 

Laa tL_iAj]! j}-o ojj£j jjj! j ^Jc. 1 цт a^Lg-uj PS ^■ijAi ^Luijj j£aj c(JIja]! (Jjjjuj 

(Direct JAJjuIA jliL ^jLj^I! L_ 11 juJJj] 1 j 6 jn£ 4 jC.L <lun С 1 з! j L_J jSJ £(JaJ ^C-A-ulj 

ja (jjjL l*]Luj Aijij-a ^.Lujj cJ*ij ^.( & 22.2 cJ^]!) ^-aiii-A jjLtmjj current) 

Jajjujj^ !лс! j ! ja! .ixjj i^LnA^ul] Sjia jii^! 500 nm cJjIaj ^^uujjLLxuJ! dJLj^l! 

.lIjLLjI] ^uuJjIajxA jjjkj 


Summary 


6.2 


."^glc.! Jiuj! jo" jA ^jjlill ^jaVII 

.AjaaLujj]! jjc. l-l^IcUjI! (J^Lk j-o ^jilil! ^jajsLI! jqVn 

2 _a djLjj^J! jn Ajjliij s jjmaj (J^jujjj (SAMs) AijJal! (jjL^.! ^jjlil! ^ja^jI! 

.<lc. lijA jjl£jj ^uuiJJj Jaujjj ^ia-ui lIj! i CjIc. ja~4 a 
^jJI J AiauiJl <juj£IaJA lIj! JAj]jJ c(LBL) Aija jL <ija L_JJjulJj]! <jlij ^ ILjj 
. Я -j j^uuaa]! djlc. ja -ча!! (JaVi й jj£j (_3 j3 ^JjLja iijjlaj L-b-ujJJ 
l!iLaJju 1 > j-Q Cljlc. JA -Ч A (Jj^juIJJ jKut u J ^JJ j>J! L_S JXj]l J ^ n~N J J- \)g II Lj! Jj]! 

. jLlLjja jjL 

^iajujj jaj]jj]I 4_]j£ jA AijSj Ajuuict (J jj5Lia]I jjla]l jj -аЭ e-LjjB 

cJj3!ja 1! A_bujjjLiaj]l lIAjj^J! jA 4 q\j4 a lIiVL^-a ^lil! ^jJajjJL ^J 

. t a ! j i ajjjJ! j 


Questions 


(JjLubft 


Lliblclij]! (j! .^jitilt ^JjjaJ! ^xja^j]! ЯаЛ^п-ша]! ^ unj j]| Jc.lij]! ^l jj! ^иш .1 

cAjaL^-ujVI lIi! jaj]jj]I 4_li£j tLBL !! j ^SAMls S! ^jitilt ^j*Q>jlt с!±У 

?AjjjLl! c." il aj <. u> 11 lIiLa^! jj j 

Clli l!i!^j£juij]! £.Lj ^ AjaALuJj]! JJC. Cljlclij]! ^1лУпи! j)A D-Llil! Ia .2 

?Ajjja jjLll c" Jxulill 

La ?"(jiuj! ^JJ ^ict (>" ^>^! < *- J 4 cjjLll ^^ic >!I]! ^j<Q>jl! L! jA La .3 

? CIjLjXj-^]! 
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_j>*j]jj a Vtt' J&^l jjla \-л .4 

^aj] а ! ё & dij/L^-A ^j)Vu\ 4_^.jj]| ^ .5 

8 = Clu\j 1) 650 MB Ял -uj JajiuJax ClAlij Ai\J£ L__Lul^J .6 

J_J-uia]| Lq tdj\liJl ^jjj ciAiAji V Ail j)Jaljj3VI ^ ^ dj\llj 

(JUIaIIj (jj\i ?1д^)1аЗ jA \-л С6 jj! J (Jj^j CllJ jl£ lijj ?J^.I J CllJ \ g \at *lij 

. Jutfa^ll I JA ^Э J jl j]l 
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СлО cUil! 


^-uiLaJ! (JJ.>.Afl 

Scanning Probe Microscopes 

^ - d 

. JII2S . (jjjxLuiSl t JljjS Ахл1а. 'f-' Jaflil ^ls- j fbjjill 

Introduction кллкл 1.3 

t> > SPM (Scanning Probe Microscopes) ^LJ ' >4-« u! 
c jjiiL/! jjj (Jc.la!il! $4 jjc. ^-uiaj aL^, jflj l)*-^- i g '^*aj ^jI! c!j!jjL/! 4ja 

£-lj!m! ^aJ Aiilj .<jj*l! j-aaj djLojix-a CJjJxjiLil! ^j-jLiLai! i jAL^-aI! dLa o^jH 
(Scanning Tunneling Microscope ^LiAi ^mL* jgm* j! t^mU j^m* J j! 

j^! J gi (G. Binnig and H. Rohrer) jja jj — a j ^-т Jja ja - STM) 

Aic. jjoiLia J^-uiJ AjAjS dj!jLi ^*iljA й AaLuuL caLo, W' um! j .^^jJaLd! jjil! djLmjLoj 

(STM) ^mUl! j^mai! ^S'uu! t jmJ! d ilJ ALoj . ^ j jfLiluil! ^lIajui e-Lij oAIc.! 

£uJa J iSTM i! 4_mi ^i ^aJJ .^JajuiI! dj! jlA -й L Jj SIa! й jbjc.b £uJ j (jjLLai ^^ic. 

j! ^uuiaJ A \я y ^aJ j-QJ пж II ^dajui ja !±a» <JJ j3 AiLuiA ^^lc. ((jna-Aflj aU. JjjIj 

jjjlji! (jJJ AiLoiAll J;i*j ^a-uijj Ua! jC. jjjlai! Sjjj-al! (Jj£juij AjA*j ^aJJ .^JajuiA jjjjijJ 

jij ^ifl ^jljj^il jLnl! 4_Lxui!jj ^iLuiAi! jjjIsjj . jjjlji! ^ij-d aJ!a£ UaLajc.!j л m il j 
cAiLuuii! ^! AiLdaVb .1д$ m AjjLjj^£ AjjI ji (jjjiaj Aic. 0 JJJ (jAl! iA m II J STM jj! j 
!a$J .4 mii Aj * i jaI! AjijjjilV! (j-ajLusxki! ^^ic. Ldaj! ^jq‘ l ifl ^bj^l! jLnl! Aajxj 


( 1 K. W. Ng, Department of physics and Astronomy, University of Kentucky, 
Lexington, KY. 
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aJU j tdjVL^il Я. й Aili£JI сУ^Ф i^ Lj^jI STM ^1лУии1 ^j£aj cl_uxJI 

jJ\j jli iAaaxII оч^ a^\^aJ\ Jl AiLjaVbj .(Work Function) <J*j£]I 
■ An» II ^uLaj-u ^Jc. Aj^^jill CIjI jLll £-о (^J-oLtlii] Ljajl ^AVuuj STNI 
jJajuJI jJjj-^aJ V] ^ iLa'uu j V ^-jl jA STM I A )u) njll A_nL-u]l SjaaIIj 

^ I ji^l cJj jLa Clii j jia-GJ ^ai . jjLii]! ^ \я a ^jL j^^]| jl_£l]| jV 6 <L-a j-LI 

^JajuJI jj-q^L jl jj^_a11 ^lajoj lil <j| fijijLej J (Binnig) \i\i.i Jjsl c STM[ 

J.i^ Л * al Jijl j (jlSj>VLjj Ц ■ A ]£ ■'■' <JjjaL2 Jc. (JaXJ J.J ■ jajj) (jU CSjUiUa 

.A_)j--aJ C—uILjiI Ajajjjl jJ j! jjl STM (jjjla j}C. 1л! Lg-uiUii j^AJ .jjijj] 

jjA ^jjil I ^AjjiJ tjjliLJ ■ 4j-jt II ^Jajoij (_)jl jll (jjj (Jc.lij]l й j3 (_jjIu3 ^jj t<]LaJI 
e ji j^a j! (Atomic Force Microscope - AFM) Ajiil i J\\ j^a j*U^]l 


^lj (jlk. (^к AFM f-UUJ .(Scanning Force Microscope - SFM) jj-jUl 
STM (jlc. ^jJjJaa s JJJ <i Cjjl£ J .AjLiii AjILc SjU 3 (ji j^jauU CllLajVI djl JJJJ . л J 
j! JJjLxil rUajjj I Jj J 1 JJ (_^J Ajjji . ' j-. jA (SEM) ^jjLa]! _^j j jjLij I jjjja]! jc j 



4jj*Jl 

I Jj .(SPM) ^ujUI! j "J* j 4 a. A-lujjj]) ujU ijSjJI AilS UUA. a)I (jjajxj 1.3 JLuJI 
SjUul jJc JaliaJ] Jlijj UijJlui (j aall jL^a, liLjaui sJjjaJI AjJxj]) -) tAI. ,.l .JLlU) 

.AuiljCjjla]! ujliLuii (j au£ (jJjiUuil JliliVI jUjj .AjjU 
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j-ajL-aa-ll jju] ^'^dl 4j<j‘i\ <Ja11 j^: aj\ i*-a<ll jc. CIjLajLla AFIVI ^LL 

ji] laSj t(j*u*iVi\\ jjia (L Lij -STM \l j*_aj La< A_ijjjj£1V\ 

l_jj ji]l tjia-1] jUall ^_uia]I jg ~ч xi t JHaII Jjfui ^^Ac. . jjjIjHI 4-ijllaAll 4 ‘m II j^aj\ 

jill (SNOM jl Near Field Scanning Optical Microscope-NSOM) 

j^aj\ II jC- UjLqjLla ^jLij <jl£-oljj ^ . ^^э! jC. jjla]l jJjx-allil ^^j-dl £jjJa]l ^WujJ 

Ajjjlall jl (Transmittance) Ajclijll cjlldl Цп^ ^J^) iixU ajj^JI 
(JilJ jj. j 4 (Hall's device) Jj* jl^. .((Fluorescence) 

(Superconducting Quantum Interference Device) 5 (SQUID) Jj_ajall jlli 

xi li£ lclj . ^JbLa. j-o A‘m II 4_u jla t» а11 j_aj\ II З-аЗ-аЧ ‘l jl 1 'i'i<aj ^lujLa 

jj -ч^И jjj <*_uill jjjLiS Iaajc. 1 Ti<aj <.4 m II (Dielectric) ^JLj^-OI cjjxll j-aj\ ^Si 

I^jLII jl Vj jAL^-aII оСД jiud Vtll 4 q|"i-4X) CjIjiVi ^а!л Vunl j-o ^c-jll ^lc-j . 4 \ \я II j 
fLa^JI" ^^-ajojJ jj» i-o j\_g_a. (аЛ Vu j tajUu-^a <llalA ^-uiaL . 1 g uiVi ^-uia]I ^Э 

олд Яа1£ <- VuVi .^juiaII AJxill a£j^JI jiAlil (Piezoelectric Tube) jj^ll 

Scanning Probe ) ^Ldl jn^dl jaL^ ^ jaUJI jA ^l jiVI 
jbviV j aJUI *l ja.VI jA STM uJbjJ .(Microscopes-SPMs 

:(1.3 J^l') ^ ^I"i4 aII AijUaj 

jA ^ql'i^A ^ljil ^лУьп .(Sensor) (ja<utVni jLjA jl j*-uo<uia 1I jl j^y aII .1 

cllLljjjjill C_ llla'ij ЛЭ j . 4 'ij» x) ^Ja-uj A_iua\_k jiunVil jiunVlll L_lil\_ujl jl lIiIuj^aII 
^lj 4 x j'Vll Л -luiaLlJl (JjjVj j^-o-dl j-o jL< lili . jjuiVlll 4 j'i'iil oAW a Д_1Э\иСа| 


jlal jC-V J j\.Vill STM jg > a Llibjjjlill ^j lIiIjLijII AjUu ^£аа! 1 j -лЭ tA_nlj3 

. UiljLijll л^1\_*_А j *Lil jaII 

^lc. ^_uia!I a£j^. ji jjj j^iui Vill j\_g_^. LijLjj^ ^_ui\_a 1I jA^j .(Scanner) ^uiLaII .2 

^Э jjjjaiVill j\_g_a. UIjjuj jl ^lujLaI] j^AJ iLllL/LaJI a ^Э . 4 ijatll ^iajuj jjla 

jl \g ‘i<aj . A_ilaxjJa JJ^ lIAjj'Na) ^lujLaII c-Lj ^s!ij j .(x, y, z) AjIjLII UjlAlviVI 
CjLj Jj"<lj ^ jj .\_g_iic. 4_£j| j3 jiilaj ^ajj La^jc. A£jaJI ^LiiL/ j-^Iq'V'i j VUn 

^1а 11 j^Aj tojlc.j .^.ujLaII jjjail A_i]Lc. ^ ja. 4_ii]ji jiji ц jlVill STM jg a 

jA L jak J^JMI V ^iL'ujl £A 4 lIjLa J jii-uJuV I jA L_flVI лЛС. Jj1^a]| ti]ja_J jl 

. j-a\_k ti] ja-A ^K'iuij jl 1~4J (J jlal ^-uiA jl AaV J . ^ j j'uti^ 'iL/ 1 
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jli Л,и ; ;л Д -uxJl jl£ lij .(Feedback Control) ij-Jl 4 j &JL S jkiuJl .3 

^Jj 4_aLa U]La 4<JUJI йЛД ^Э . ^iIaxUL jji^-aII ^.iLaju^aJ jl !.lia. VI а*гч! cilljA 

L_iil jj ojlj cilljA .AjjxJIj ^l jJI jjj AiLabQ ^lc JaLa^U oJjja]| AjIxUL o jj-ljull 


.лЗах-а (jj J I jA • 1 Ч u*ia o Ah.a 4 _aj 3 j-Q Ajj ji <jujjLo]I 4 Ajqll t LiL 


jLjjJa] ^umLU! 


.o^jjaJI AjIxj]] AjjIjx-q 4 д\*ч jjajxll ll^J jijJ J jlVill SXNt jg diLujjj£jl 


jijj J jj^]l ^juUll jixi .(Coarse Approach) juiaJI Л 

L_ljij ^aUai SPMS ]l j J«Q>I j .Jaia CllL* j jLuixjV I j-o L_flV! AxjJoJ j-o A£j^. 

!л> Luji ju>a]| £-Caj " jLaL" u^ d <jj!j jj 3 jj] jda 

U jj£!j 4 jjudJ! L_ljij]! A-UajV 4 д!“гч а 11 ^j-ol-L-ali]! j-o jjjxJ! U]LiAj . 4 m II jxi 
4 _aC-Ij ^C-I jjj cA_AjJalij jjajljj j* CllLc. ja> a £-a 4 j^j'iISjaII CllVV! LcjJjjj 

jAl^ J ^al , W'uoVI AxjLuj tLjaj! 4 A_iIaxjJa j j^£]l dlL^j^ aII .ClljLjcj 4<j]jl]l 

.AijjjUl SPMs 

^ac j 3 ! ^jJc-j .^jjjLj]! Li> jljjfiil] -Lcjjlxi j I Ajcl^jq sIjI SPM !! jg >a cxj 

lg Lc I j±a ^_э j! VJ ^LjLaj Djijj-o (AFM j STM — IU) jaU_a]I o U j>>» i jl j-o 

4JVI (J-llxj I jl L-ajj-aa. ^Lia-i-a !U j ^jLli ^Jc (J ju-aaJ] ^JjjjUa 

. dl ja_J] <j-aLa CllLalj'WV 


L_fljj_uj .SPMS jAU-a jjaxJ (JaC jCU jij L_fljj_u 4(Jx-aa]l I U ^^Э 

. ^Li]! ^auudUl ^Э (Jjj-aSj]! j-Q CJ JAJ l^iL J^A jjaXJ JJd^Lij 


Bascisof SPM juUl I j-aJ AjuLjVI ^jUaII 2.3 


Piezoelectric scanner 


UaLiajj^l ^_uiUI Л 2.3 


.^CumLJI ^Ijuia CllUja Cj]jU 4_Uaxdaj j^£ CllLjjiA SPNtS jAL>a Aili ^аЛУиСз 
^ jiajui]! ^^^Jc AdLj^ dlLa-jui ^-Jjj dlia. ^Jaxda jj^£ jJjL c! jaII j-o jjj^ 31 JgAjj 

Jlxij! jl cL^_aj cj] jj j^Aj 4 jiAxlLj .(Stress) cLg_>j ^Jj clj-L! oU ^-Caaj LaCjc 
J!>L k j* jjS/ 1 . Jbj$£ JU-J i Jl ола >>i4j jJ Ijil (Strain) 

ljj£_i Jljlill (_у1с. LaA S3 j S[ (jl (jdajjiil .( 2.3 J c ;.-;,ll) Л jJa» . ■ -] ; CjjLaL*-. 

JU-o (JjJaJ ^Li) LoAid (z) Z jj^,j1I j (x) (^jjjjJI jji-all J jja ^^lc. Jjia (^jlc. JlxijVI 
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JV jUl Uz jx Uua. c(S 3 = 5z/z j Si = 5x/x) z jj^-J JjU J*. E 3 

ollil . ( ^LLjufLl JLa-all (juiaj jaJJ LoAic.) jAUtlill jL'UiJ 5z J 5x J S-iLaU jV jL' I 

llcjJjjj jii£VI AjJaijJaj j^£ll ^LAjca 


d 


31 



J 



(1.3) 



* 



. <Л£1>аЬь&]| JIa- 4 4jia*-uajj^£ij jjj^Ij jLui jJu 2.3 J^uij 


4juLuJ) AJaLua jj$i]j J-^I d33 J d31 ^1.3 Jji^lt 


PZT-8 

PZT-7D 

PZT-5H 

PZT-4D 


-0.97 

-1.00 

-2.74 

-1.35 

d31 (10-10 
m/V) 

-1.35 

-1.35 

5.93 

3.15 

d33 (10-10 
m/V) 


£^Lla ^xii .1.3 Jj^-1) jjuII 4 jii* j.>ij J j-J) o^i»! 1 ^aJ3 e-LLaC-j ^aJ 

^Lj*£]l jU-Jj ^Lj) j^AJ (JfLij]l tJHJj Juui ^lc.^ j^XAJ ^jia 

djL^-iaiLa ^J-i* xi ^.Wu*nj )ЛД .4 jjLj£^]I djjjjjJ^iVi а^А (jjj Ajj] j3 (jjJaj L-Jj\ia^\j 
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L-UjliVl oC^-] 4 _ia.jLaJlj A \\*\\ ^JajoiVl j]j . AjJo» j >^ ajj^-£ (lIiLJ c__iiiLji SPM 
L-lic. j-aLiij L_JjjjVi ^jujjJJ c__Sjjoij . ^^.ajLaj jiJjji£]l (Jj^joiJ jCx-LJ AjUa-o 

I J (J jiall ^ Jixi]l JJ-lil j^-oij C jlC jji£]VI (jfj 4_iil j 3 (jlllal ^aJJ 


(2.3) 


AL=^ 

b-a 


j. ijjBU Jil Л j ^ jUJ I jl >ill > U (Ь) j (a) 1 

: — j jjJ jjj^V' й£ (Capacitance) ЯдЛ >*jj 


c _ 2 e r e 0 7 tL 
£n(b/a) 


(3.3) 


(C/L) Jjia oJL^.j (J£l <*jujj 1 1000 JIj^* (£* r ) ^Lj^ (Jjc- CIijIj £_a 

Ajj] jill jja (jl jpa C^Lil] <-aJ jLo <ij^)la ji jj <si_ui]l (jjLjS j)li i 1 0 IlF/ СП1 ^l j^. 

.^Jaj^ jiCjji^]VL jLajij-o 4 _i]\jl]| 

dlljLjjj l!1iaI jiuj (j-o Aij^-o'l ciiL Lal , W'u^il jj^VI A_jaxjJa jj£^]l cjL<i]l j)l 

oJlAj .PZT ^jL Aijjx-Jlj t(PbZr 03 J PbTi 03 j-e JaiLk) (_>aL-aj]| ClAij^jj 
L_iia£ ^jLij A\ \л \ j (Ferroelectric) ^Lj^ l_j! W< juJ Cjli % jLlo jUi ^ SjLJI 
JL^ (> tSllLA jjSj V Lcic. (Permanent Electric Dipole) LLb ^Lj^ 
^jLj jj£i (Poling Process) L-j\ IViLi L/l S jjjj-uj Cllajj .(3±1хл jLk ^uLj^ 
jj<L" jj£j CL_lJjjd]l l-l^Jj . ^.la* хЛа j jg ^'1 jjLoJI ^Liil ^aJJ 1<аЛ IC. LajL |1аЭ 
Jb bLucl j-alaj jl ЛЛл! (Jj-aau jl j£-<u (_gJLi]Lj c(Polarity) A_iiLa3 ^^-LxjJaj j^]| 
Ajj] jill A_iiLa3 JjLi (JjLa. j ул AjiLi]l ЛзЛа! j£-<u .<iilaA]| <jj] ji]| (Sign) Д-лЛс. 
L-j\ Laiutil *L]!j] iiVi ^^Ic. (J-^J^-" u__La jJJ j . ^JaJJ Sjl Jjj <Laj.i ^xij *^ с ' S-Uj-LI 
Lxijj-o SjljaJI <Laj.i ClliL (V jl) li] l_j\ J-i'iudiVl (Jl jj L_fljjujj t ^^-LaiuJa j j^£ll LUjjiVI 

^ljill ссл^ jS liAj) (Curie temperature) ojj^ s J ja. Ял. jc jjLaljj 
jiaj jjiLaJ (LiL) jl c(A_illc. ojlja. "LajC Cic. Lijxll (j-aiAaj j Cic. SPM[ ^ (JjLll 
L_jjjiVI L-jLiaiiiujl Lllj] . jjjjjjiiyi lca. (j-ijj-o (Reverse bias) (j^U-o 
. CjCa. ja.L aJIcjj-ujI jl AjJiLaS 'iclc.] j-o Cj V \_ACic. t (^JaxuJa j j^]| 


140 




buiajdla ц«-\г<П| qm\ J Х-д SPM (Tripod JjjjI jj) ^jjiUI JJaJI ^JAjdj 3.3 JLuJI 

• JiuiVI J 


ljjjUVI £_A ^-ujLaII JaVi ^jLq^VuxiJ jLuuUJj jl А_)Аь.У| tiilljA 


^ jl_jJa3 jl^ AjJ -чж xjO jj^S ^ . 1 J iLI l" П-\ JaJjoull J jjj! jji! jA 1 x>g I jl . AulaxjJa j j£^ll 

c j^^aII (Jj-NjqII (J-oL^. -lic. 1 ^ 1 g 1 AjLmL J x, y, Z jjU-U! ^ Aikx^iu 


(jJ ja_2 Lg-jl-S c (j-aiaLu j! Яи jluJ! jLjjJaUI o ЛА ЛЛаП LaiLia j .3.3 (J^ Jill jjJA jA La^ 

<xjjI jc. (Jij V Lq ^j 4_Уа_!! JLij . 1 g Aj^jI! cjlALajV' ^] jaujVJI jLg_a. 

Ла.! j U_fljJa (JjxAJ c A-JaxjJa j j^^l! L-JJjliV' йЛА ^^ic. d jiaJjoil! ClAjjijB (jjjlalii L_fl! jla! 
^^3 Uj! jIjjc-V' ^a! Л^.1 (J*i j .(jijjLiA^ £j! ji! L_fljiai!j 4i£}lji! l-jjjIjV! L>-q (J£l 

JJjj jjfj jl ^-LlaJ c^»Lc. (J^juUj .A_nJ! ^! <пп1Ь jjjji! jJjj jA SPM ^jAx^ij 

£.l_Ja jUaii (jjaia-lAJ! iijji! JjJa jg ^ aII (JaVi л! jjj (_5^ c j^AJ Lo ^Лс. I 4_iijJ! ^_g-3 jjjji! 
JJjjJ j^AJ ^ J cluLjj^-q оЛс. ^Jc. jjJjljjJ! ^jAj>^i‘i (jjiajjj La^ .4 За i -ч a\I AjIuI^jaI! 
1 Lg-^J^ jA lIiI Л jjj! jjJ! a ^JaI jjij -^JJ jli .AjlxiJ LtiijA jjflJ j' 4_iiij 

jjfj ^uiAjutfalii! !ЛД .1ла.! J LiiaxjJajj^ Ljjjj! LaI£^J jj^V' ^uuA-aI! ^ЛУи jj .k.Hz 

jA La£ cAjjLolIa ^LujS! 4xjj! ^lj L ja_A ^Jax-Ja jj£^l! L_JjjjjU ^^.^.jLkil jjjj^JV! 
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(.*’ I ili . L_a jjj^ I jla .1^.1 jaaj 1**\}*у> (j*i>-a]l (J-oL^. c** 1 (n .4.3 ^Э ^juJa ja 

L_fl JJOJ ^ 1аж, x ja J Jg-£]1 L-JjAjVI (j-o £ j^l (jli t^LuiSVl Clll Л J jjfUj Л^1 AjjIjS 

A^J^. ^r'Vnx^l ^LllLj tcillU liij 4 <LqI£j L_1jJjV1 ^ W n L_Sj-uJ L&jjc . J-£l lajj jl ЛЛ -GJJ 

1а£ jj^jjoi y jl x oI^jI <_^i L_fll j^jVI jlj .y j x (jjAl^jVI ^ 


Ax(Ayjl) 


V2d 31 YL ; 


7 i:Dli 


(3.3) 


й .1^1 j ^lc. 4 aJaJ) 4_ii]^j]l L * 4 "XI ^ . .. // 3 t o jLs D j t Ц-1 jfjV 1 cJ jL j^ L J 4 

jjjjilVl Jc. 4qiLj.ll 4Jbj^£]l 4_ii]ji]l Uj^ lili .(Quadrants) CjLijjII ^ 

• Z sUiil 4 Lo1Aj (_uaiajj jl J-1«JJ L-JjjiVI (jli Cj^jikUI 



.(fLjJU ^£jjjj>V) 1 g . д II (j« (jjL 6 £aja]I (je) . ^ojLj ljjjjI 4.3 jLiil 


CiljAc JJ Cla! J -й A*jJaJ (j-Q jjjj]| jjuslV 1 ! j^AJ t^l ^^.1 Ij^A £-C 

(j-o <jli с ^_ uia]I j^J AjAaI*!!]! j 4 jLtnII jjjmVilj . j jjul jj]I ^j-cu-o"n <j jll-o dll j-<2! 

(jjjxJjll (jJjjj^JV 4 _uj£L*_a 4_a!J_xj j^l j c j^jLuiiA jjjljlu jjjjjIjS (jjjiaj juiVu-i-cJl 

Я]1^. (_g-3j «4.3 aJ^L*_a]I 4j]c 1 iL-o^. (ji]l l <a» L_il ja^V! jj^iuj 1дл1с. . jjLl Vi-cJl 

jjjia jc- Ц jj£ 1 Afjjj Ajxjj (J^ AijiaAl! Claljj] jill U_flj] Jj \ n^-aj 1 1 . jqx") Jj£l 

.<IaI£ AjAaLLI] A_i^.jl_i. Sjlj <ia-uiljJ La! j t CjLi^-a jj]I 


Coarse approach mechanism 








ti]j^iia j! ^З-а* ksi jj^UI ^-ujLaI] j^-u c^jjJjuJuV! jjj AjLilui! jSjJJ 
jjj!^j jat L-al 1ЛА ^-uia]I jUajj . ^ ClaL -й j jJ-uixjV 1 c__flL/l бЛЦ Ij^. jj.W-c> j 


jAjja 


Wq^ 
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j-o AjAxSI jrLanj . Jj-sal! J£^-<Jl 4-lauail jJ ^j^. 1л.1д1_и13 j! 1 n^-cn ^l ЯзЬша!! jpa 

Ял -Jaj j)jj ^jljji aA jjJa AiLuiA ^J! (AFIVI J STM ll^) jj.iu.iVJ! j jg_j 

J! tilljA j . 4,'m,l j jjj! j jjj (Jj-saaj cIj! jLa jjLil! С1з! jCuc. c!j! jja jjlj 

j-cUa ^LJl ^uja j] (Coarse Approach Mechanism) j>UL]! cnjiill Uli 

A_i]lc. jj^j j! ^-]] jLaJl c_jjij]! <jl nui! 'Wi V (jjV! a_i^L j>A .<jj*]! j-o jjx-o 
^luia]! Ла j>-o jj -ла! AiLuiA j>AjJa tC] jVjj j! 1 g '^aJ Aj! LaiLla ! -li^. (Ja*j is^ * ^ 
j! jL^ll L_Jjij]! ^aUaj] nj ttC]]i £_a .<Lo]}LuJlj jLA^U (_AoU C^uuiLol] 

(JAa ^Цс. 'jLexl cUj! jlaV cCxj <Ljla AiLuuo ^Цс. ^uuiLJl tUjjVj ^Цс. Ijjli j j£j 

oU ^l Л Vu J_j .oCj*4 aII jjxilj ^Ja-uJl j-o L_Jji]l_J jh-4a]I £u-a J 4_i3 1 'n^-oj U^]! L_Jji]| 

cijLij jjjilV! Jjxjujj cjc. r^Lll j^-j]! ^Цс. ^Ja-uill j>A jj^a'I L_jjjij 1 nUj .A-JV! 

VuAjuj A_nl jij ^Ja-uA! j^-j (juiuiVi]! jlg_^. ^nuiLA! ^icj l_a juuj to jjjuA! Я^схА! aIU £-c 

^ ^cuuiUl! L_ai jjj tljjuuuo oawa Ujil ^JjUa jjLAi! jc. l W^ll I ili .(Ramping) 

SjLuj! (j! jc. L_Lui£il ^aJJ ^xl !ij Ц . L_Jjij]l ^JJJXjJ A*ij L_Juui\_1a] 1 jl£-Al 

(Scan ^cuuiA JAa j-o jxjl Aj^j-g ^JajuJ! jl ^ ‘ч* j 1л^_Э t(j-ol£]l ^Jjia ^Jj оСЛлп Axj 
A_ i]I £-i.ii J L-aL/l Vijla ^j ^^axjJajj^il L_JjjjVI j-ahjj IaAjc. .A^.1j range) 
ЦА1 AiLuuJI jIaLoJ ^aLol ^j ( JiujVJ! jlg_^. J ^uuiLAl) £^uul j^ juulV]! L_JJjij]l 
jc. lJlJ£ 1I *o j j jjuuAI оал jj£jjuij .vIa! jj^j] ^juiLAI (Jja jua 1д jl yi^l 

.SjLSyi 


A-l^-i L_fl juui lAAj . jLi~S.ll l_j jijll ^allaj] A qlj -ч а 11 ^aJ-oL-ai]l jua AjAx]1 lAIjA 

vAu-aj ojjxu-a jj£i jl . 1~>J aj'Nll jL^ll L_J jaj]l A_A! jl .SPIVI s-Ia! L_aUa-o]l A-ilgj 
Jlo A j^ j ')\ £jg_j Lilc. A Aj,Vqll SPMS jAL^-a ^аЛ Wn j . j£-o-o jjjj AAjJ (Ц^А al_Vi 

^aJ-oj-aj]! ^Э 1 g,m ^ajL! j£un j . lIluLx]! j c A_AUalij]l (jjajl jj]l j i Aj]uJalij]l ^c. 1 jj] 1 
JiLil Jjua AjjLVj £-1аЭ LL^.1 jijjj J .Ajjiia-o]l A ~sj~\ j>-all L^j^Jl j-o ^jaVI A^JI ^LLaC-V 

.(Step motor) ц jlv^ Jij^-o Ljajlj cJxjjuJ! jjai V aj c^jjjjjl! vAc.j tjj-uaJl 

V tciiii £-o .ojjj£ A f\ \ ')\ ^ja j jj-oj Aijjjua L^j^. ^aAii jl 4_ifLnl£j-<Jl a jg-^LH j£-oJ 

A , \)»,11 I jj]aV 1 jjuJa J L_fl j-ui tCiii jV cSPIVI L £ jj-o jjfLi jl Uj^ L_Jjij] j£-oJ 

j^ -Э ЛАпЦЦ! jj^-^LH oA^J ^^uuiJJj]! l_JJx]I Lol .£-3jj-o jJC- lIjaL^. jx-a^ lij ^-uiLa]]j 

.(^_^,jLk ^^j iISja ^J^uJai VUajC. SPIVI j» >J Lo ^iLijl^J-a]! jjii] l-gilAii j 'LlS. ь-о 

Jj^.jA c" ^ Vl jl IAj^. IxJjij Д.С ji-o AijC. (JVlA SPM il £uJaj lij tUiii ^Jc. 6 j^Lc- 
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.4jjjjjJa ^_)LaJI j-o \\SjxJI l1)1£j^J! (Jlj 4_^.LaJ! ^Ju-aJ c4_jJai^_iA ojlj^. 

• ^4 ( _3 9 J J«Q j jcl 4 L -v < ^Jj jja Д Q| \ ^ i) ,^\ 4 n\ 4 ^ .4 1 4 4 j -ч. \ l j*Q \ ^ 14\л4 

"LJaat i>ij jg-£ l^jaua" 4''п, w\l SPMS j* Лг^' ^ЛУи J lAjJC-j CL_j\_1ujVI o-^J 
ajjuiLiA o jjat x^i\l 4 £j^J! ^Lj! ^ jill Цд jua ^J^-d j^-oJj . jLk’i4.\l L_Jj<ij]! 4^j^. jjSjj] 
jaj .ojjoiLia ^cumLJ! j!j^-J 4jq£jj j^AJ La£ .4^j^J! ^Э j^! jLaia. ^J! 4ji.UJ! jj^Jj 

jjy ^jj^j 4Ji U^yiJ (Binnig and Rohrer)jjA jj j £ти J ^Loja^ jAd! 
4Jil! ^! 4 \x>q\l ^4'Гп j .La^j 4_*_ial^J! SPIVI jaL^ -л "Louse" " 4 LqW' LaLiajoi 

l!jI£j^a\I jiaatJ j! J . 4 ^j^JI ^LiiV 4 jJ-iat >>tjj^£ LljLtuuiA Vuxi'i Lg-lV ^Lat 3 

.SPM ]! UiuLi jjfL ^»4 кУ> Lg-la JJJ^]! j^ij ^LjL^l) ftjSjio 4_ilaaLjJajj£^]| 

" jJiJl jjx-aal! tJja-o" ^jojL) L-sjjatuJI j / 1 ~ч\! L-jjili] !.iJj LjLuj! \_ 1 д jLaLj l_ajjjj 

.Uj^ ^^jjJI j! 4 jjUlJI SPMs ^ ^l^klujV! ^LLiJ! ^(Inertia motor) 



•SPM — li ju^J! t-ujij]! ^ ^лУилд\1 jjlii! J^uail! Д ja -л Jliu 5.3 JluJ! 

tLoLoa-a j! Ljlj! L]lc.j 4 LlLaxjJa j J^ i^Lat-uLo j)!i]l jju-a4! cJjauj ^a.W"u»j 

t(Set-up) 4 j£j4! 4 JV! ом ^gJc. JLaJ! LjJliLo ^ ^.L^-J! ^Lla-j jil! 4 £j^J! ^LiiV 

(JS aaJI ^Э jjxo jA 4 ^JaatuJa j J£^ L_Jjij! 4 jI^_j ^Э jijjljliA jjjj! j ) ^jo-a] 

4jjj»_j (jljij ^-"u* 4 . 1 ^‘Ldl ^ \)* 'W tiluiLJ! (M 4 \"^\1) (J^LaJ! ^uJaj ^Jjj «5.3 

c*\u,i4) j! 4£joi1] j^AJ 4|I jA 4 £joJ! j (JjaLaJ! jjj j£LuJ! ci]\SWVI (J-olat-Q jl£ ILli . Lgij3 
£Э-1) ^JaatuJaj j£^]l L_)jjjV! jl^ !i!j • ^jLujj]! ^Jjj ji^. ^lSi^VI 4_lauuil jJ (J-oLaJI 
(jl jjj L_fl JJUJ (J-oLaJ! jli 4 d 4iLubQ (_£}Li. (Ig jua JJ^! df ^ jLujj £_a ^La^! (_gjj 4 £juJ! 

I d' 4 iLuiA (_£}\У. tiljajjjj 

d' - (\±g/df)d 
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(J-eLVI jli jnS } ^ jLujj ^.л ^Jajj jjH ^ J*>» j>^i j j^-^11 l_i jfiLM j-alaj IJj 

jli 4<^jLulXi a^.lj fijjj J^j 'd AiLouJl (J-ol£ ^j £.1 jj]l ^j (Jiijjjj A£joJI £JJJjuJ 

I^iLuiA ^^JaxuJaj j^£]| L_ljjjVI (j-Q LjjLq (Jq'Vn^i (JaSj^JI 


d - d' = (1 - \lg/af)d 


Lajun (Jj^ju t j£] j . Liuil j (J-oxj V 4 Jjn jll aJVI &ЛЛ jl ^uJal j]l j)-o 

.J jaLJJI aLjV! cilj^jii (J-gL^JI (J»,Vi jl ^JbU j£-oj t jjL j] jjS uLi a£joJL (J-qL^JI 

L_fljJUJ cIJAj .<jjjjiJl A£j^JI C_jjjjl (JkL Aj j£j -0 0 JJX-OJ ^LujLJ! L_u£jJ j£-GJ Ail -L^V 

. jjj£ Лл. ^gjj SPM — Sl (j -й (jjaikj 


4jL>» x-OJJ^-^SI Ljlljj£-<JI ^аЛ Wn ^^jjJI ojj^JI (JjV^! ^J-oLuaj]l (j-Q jjjxJI lJLa 

IJa 'Л^. ^al Л VuVJI £jl_uj ojlc-l jjdSjj jLSI (_5^1 JSI jjx-aUl lJj^-g jjj C<jjoV A£jiJ 

4лЭ1л11 <jj]ji]| jj3 jj] <j-al_k ^cjI jj AjjlVlll SPM! Sl CljLj j jjfLSj (jja*J J^jJ . (JL^uJI 

^ЭЛ]' Sjlj e-Ljj ^aJJ jl 4 Uri*4 Dj^aS l^jji t^-lu-aSl ^ S^-a SPM II (JJ Ij jL lij . lJj^-oSS 

.^^jl LSI jjj-saUI ii]j*\,QS L_LujL1a]I jaSI (JS xxiSI 6.3 (JSajSI jJJJ .SuJajl 



(AjjIj Яс -j-u ii JjLaJI ji^j Aj|jj]| .^li]' jjjjal]| (i]j^uU (jLaa]| (^ja]| JLua]| 6.3 JUbB 
(Jj£U jSI fiLajVI (_5-2 J-oIaJI jljauj u-flj— U .jVjj^L UAAuuI] jjj£ jjLuUJ ^LLuJI L-l^JUJ ^jj 


.Ajj]jA]| <Ljj]s 2 j ^jjjia j^ 
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jLu Jfr jaliail 4ixJu aijju 4 uJxj лл i.ljjIjJ) jLuil Ajxjja j :jLou]| Jl .7.3 JSjjJI 
j j jjb 8 £^ja!I juj .sJjjaJI AjJxjII ■ al aj\ .jjjLLI ^lijjVI 4jxjj3j : jj jjll Jl . jjjLj 

.(fLjjill ^jjuVI 44 * д )1 


Feedback loop 


S 4 ijaJI AjAslI]! аИл 2.3 


jLLo (Tunneling) jjVn'i 4 yi'Vs j*u*i vJl cijLijij ^ij ia 'УчИ ^■jJajuJI 

Ял -jJaJ (j-QjJa) ^JajuJl jja 1*^* 4_Uji ЯэЬшд ^Jc- (jj^Ul J j^.j l. JW‘lj LIi 
jj^-all jjj 4 . 1л1 ЯзЬшл ^^Jc* <Ja3l -ч-аП оЛ1 j-q AjUu <ai^, ^Jl <LUU! j_JJJ t ( CIjLq j jJjoixjI 
J-ax> 1 :(7.3 **i II) jn^xi-a jliaaUJ jgj-cJl Jjxaoij j£-<u ‘STM aJU. .4 nxll j 

.(oJj_j>a 4 jUu лИ^. £-q) Cluljil jLnll Jaauj jl (dJjjj 4jUu <al^. jj*Aj) С1пЙ1 £-lijjVl 
AjjIj ЯаиЭ ^Jc. Jall^-ii ^juUI ^lijjl jpa оЛ1 j-ail Я^ЛэмИ 4 jjxj tnjjljil jLjjJI Jajj 

Я-дЛзпИ jl ^-qj .STM ^j^ j^*^a jjfLiuj g'lijjVI jjit'JI ILa u]j • jLnll jLvU 

jiliiil ЛС -jjjj j-o Luo. Lgili c^jjxil j j 4 i- 4 j\l jjj ^jL-ajil £_и ^JjjjUa oJj jmil 

jj ^Lill Лзи i'ojJXj-a 4^1а1л jJjj-aj ^Э <ЭЛ^1 Ajilc. AjIjIuj! ^Jc- (Jju-saUij .4il {'ujVI j 
L<u!j jtjVuj jII jj <jli toJjjjftil AjUtlii! 4 $ l-\ Л j^.jJ <^JjV! jJj-k^a'illj ^Ja-uii! ^Ja-ul АЭЛ 

.oJj j-oi! Я-дЛ»"Л 4 <П-ч <iljj £-о (J j^.1 Sj-o jJjj-aliil 
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4_1аЭ^З! djljLoiVl A^JLxa 4 : n,wll 4 jjL^j 3! STM LliLjjj3£3j j* Л^ЛхЗ! ^аЛУи j 

4_SL^_S <gjLuiA ajjjjjuJI сЛД 6^A^1 uia 3I jlaj 4_g_^. j jA jj£jj .SJjjaS! Я^ЛзмИ 4 q\*\ ^Э 

j^jxJ! .8.3 J£uiSI ^Э aJj jaJ! Aj^xjJ! Alia. (Jjjaj 1 jLjJ-vn'i ^аЗ £ij .(All3.l0g) AjJjIajJ! 


.R £_a. jaJ! Яа^з ^Jj j^Aj La Ljji! 0 AjojLoJ! Aja£ 3! L_ila. jA SjjjaJ! Я_дл* jSI лИ^. j>A 



1 ljjIII! jlnJ! AjxLaj Ma^IuiaJ! Sjj jaJ! 4jJ*j3! 4 at-vt ^hjhVi ^j 8.3 J^a3! 

.STM 

jji3! j!j t jjl"i пЗ j3 LaA S! J /7 j>A U£ jjl jia! jj^! iLij^AJ iJaJjoiJj3! J^Vj 

(LLxk3l) E J*-^j u' lIjVLcu^VI ciijl£ L^a l 'i jajj *E = R ~ 0 ja R j 0 

Ajj3 j3 Aj-uU ^gic. j)Vn Ia L3lc. ц$лЗ! j) !ЛД ajLoiVI LLa£ х-У ^aJJ . j£aj Ia jxua! 

A c jA L_ba£3l j! jjajjiU .^_ujIa33 z л jjj£ 3V! ^Jc <in3ajj (^£>1 ахЗ! l>iaSS a_i3Lc. 

^luiaj Laj3j . jh-vaSS z ^x3ja 3! За U>»jui l* 331 t cJ£l'iSI ^Э jjJA jA Lg£ (dJji/^a jjIaxjVL) 

. ^jjjj jLiajlS Lij jjxjj c__fljjjj /2 ^JajuiS! ^lijj! jli tAjjxS! cJ cJ* 1 '^ <Q " 

jii -ч aSI J^ c> ^LaaS! алл jjjLj u_ s j-uj .d - z - h j л n»,SI j jj^aSI jjj AiLuiASI 

ijli cl_lu£3! jA (lu3 ji/^a jjjuJuVL) А$ jl£ !л| . .Aj31j3! LjjLjjjj£3y! J*-^ j 
сб jjjjuaI! J!>Lk ajjL Liuij /? 6 jLaV! j! LUa jjil lilj .(S/7 = A s 8rf —A s (bz - bh) 
LjlI i(j j£.l a_i^.L jA .ЬЕ=-80 = - A v f8z - 5/z) : сз-^ c-S^^ji 8/? = 0 uju 
8z = A c A iV 8/г/( :^L3Lj c8z = A C A* (Sz - 8 h) :<^Ь J^aaj ^<j1c .8 z = A c 8/7 
^Jj ^JajuJI ^jjjjL-iaj jii -ч aSI ^jjj j! Ljj! lijj .Aii^-SI t,_ un£ A C A S ^^-aujjj iA c A s - 1) 

c" п-ч \ (A C A S » 1) jjj£ ^iS^k c j ui£ ^^-lc. J j^iaJ! il33i c^ ^SSajjui ;<1 £аа AiLuiA l_jjb! 

.8 z - 5 h 
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с^э! jl! ^>j . (jj£uj ^LLa. -ij^j j^j^J U glajuin ^Э ^JLi* obLc-l 4 •ч^И (jj 

lij c^jj^l d_jU*j j .ojLujVI (_gi jn»MI ^^lc. 4 jIVuj. 3U Ail^JI > j£l LSj i, JJv'n 

tciili j* V . jjill ^gJc. jjJaau jl §£ JaJjJall jli 4§/z ^Uauj ^lc. 6 jJa*s jj -ч , a \\ ^_ui л 

IJa C t \Ui,m jl j£-aJ *S/l 4-<иЗ (_JaI£JIj jiaj* j ^^£i X Cu3 jJI jia * j J-Q^l jjillujj u_fljjoj 

4,j n-ull bjLujVL jL'n Lq ^i .l^jLiijj <alaJI > jljiluiVI ^эс. > <>Ajl! jj£.L1! 

Л L_flLjaJ ^iaj jj^Laj (1//) &-Wl J Sjj^ (J^La. AilaJI c, i,iui"n f ojl^Lo JJjjj 

ciili Lo^JC. j . o jLuol ci]ljA j£j ^l jl >ia. AI1aj3 ^^lc- L-jijijil JaSL^Jj Цд .ojLaiVI 

4_iAuJI A-q!>L*JI (jli liiiil ^ЪЕ—-Ъ0 (jl Ja^.V .4aia-ll ^JtJjJail J J jjil jA ўо JJjjil jjfL 
.CljljJjjil ^ia^J 4aiaJI ^Э (jjlai! ^Ljj! 1 80°) o jj j c. ‘<uW'£ 1 f\j L-qjJjI (_JkJj 

сД_л1с. ojjx-ajj .LjjIj A c jj£j Lo^jc. (P) u_1uj1jj£ Я*^1 jll 4jUtul! c__flj*j 

^LLll C, TlV'J J .Jijjiail o j^J L_fljj^3JJ AiS (jV ЭЭ jjl! jjl jj £-* <iLJl C, иЛ j-a^LjJ 

jjfL LoAjc. jjjlil ^g-Axjj .ljj*-ua jjfL j! fo ^ jil! «jjc* 4alali A c As u_lui£J! ^ic. c, vnj 

(J^aj .(Cross over frequency) / c c_jlL-ajl! jjjj (1 j) Jjjljj 0 AiLJ! l_lu£ 

1 п£<а ,1 tfill A c ii (^и-аЭ VI JbJI Aj. W'ij .A c 1! L ,u>» (jjjia jc. jja'n jl /. JJjiil 

U_fljxJj .120° J\j^f c ^ jii! «j^C- jjiall ^Ljj! jj^L U ^jLc. lUL C., iLa'n 4_LaJjJa 

^-uuiL^i! jjiaiL c JHjijU Ajjjouii! 180° Jlj jjlail ^^э ^LjjVl !1 а jjj juU! 

H-w IjUuua ^^uLol^i! jjial! (jl£ lili .(60° Я 1 а! jll ilUJI >) (Phase margin) 

<alail <j! VuxiVI (j-oj (jli tl-w !jjj£ (jjill jL£ llj C(j£lj . u_i,L.iili bj±& 4_x^aj3 UllLi^_3 

. !.la. I jjiu-a ojjjUaiL y4 c jjfL (ji J ^LlliaJ (jj£jj-o 


(jol£j o! j AiLjaL ;Л С c, u*£ ojLjl 4j3l_iJaj o.la.!j Lajjia UULa j 

oIa > .(Proportional amplifier) ijJ.vi*4 ^jaJ! ^ (j j! jUL (Integrator) 



; Ljj j i <iLaJ! 
(5.3) 


^LjoV! (>j II UjjL ja T j ^(Proportional gain) <. t uJ.nJI <^£11 > Л ciu^ 
Proportional-) c, u 3vl 1I (jal^ilL !1д u_aj*j -(Sampling Time Constant) 
. 1 <og laU^al (T j A) eolc. (jlk^ y* ja jlij jAI Ajiijll 2ikJ (Integration - PI 
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(Proportional L-AjJjiall ~<V'I I Jia LaLaJ Uj.il.Vja II i. oj ji jiaJj 

Ciljjjill х>с. c ич<11 sijj Jc (Integrator) JaKill sbl jtLc .Controller) 

(Cutoff jj Ajc-j . jlll 'j jL j £_a jal£j]l filjl ■ J ■ ■-< j-aSLiij . 4 . >*qA. iall 

Cn-\; Ijjiaaa JaKiill L. U . i< jj<J ‘1/(271 AZ) JJ jLoia ‘J/ jJ»-a freCJUenCy) 
jj<j] (C Lu ^ jjjla jc.) fj ;rLU j jl jLixall ja CjLjj . j .Лх ja I j . .1 Vj a -<U,\I 
jK I jl . ^aaaLgJI j jjall jjajiij aJj . ■- if c ja I .Ix LlJ j3 fj jK I Ll ,f c ja /. 10 ^! jx 

. ^ilaJ I (Settling time) jljiLaV ^jbUI jajll ® J ijj ‘li?- 

(Differentiate LU caUj Са< sijja]l ajLxj]Ij JaKll ^cill j'ILj aLULc. 
jiiLi jl .РШ jLlaiL ujjxallj ‘ (JaKliall j l—bjLiiall j_; '■ ■'<" ^jl 4 Л . >»У L Gain) 
uilK) aJLx]I CjLiji]l iic Aa'^' l i_kL SiLj j* (Differentiator) JabLiill sLi 
Aic. jjxaiaJ SPMS — II jLjjta jV .(*. djLjjjil Aic. (J-gI£j]I obl л 1» q i 

II ^KVt dil-l^j (jisuu ^a, W~Uj.n .1.1^. IjjK (JJjI (JjJaliiill _>jlj tlj Uxi*' CljljJjJ 

.-Lajoijl o jjjJjoiI PI o.lij-o 4j.lxj SPIVI 


(STM) ju-UH jfH 3.3 

Scanning Tunaelling Microscope 

^LUxil aLiijl A_iiJ ^ vWj SPM ^jj jg ~u jq (Jjl ^_ujLaII ^jqill jg^^ll jK 

c ( (jja-ai^Lil (j j.Ij) jil 1 »>i» ) j-Q (juj j3 I (jjL-oj-a ^jJa j ^ij LoAixi . (j t U;.).Vlg ^ll j 

AjiiiiL ojAUail oLA . 1 nj o J> q H (^Lj^^il jLjII J- 5 ^ (jl I K-Q-Q ^^Jljj AjL 

(Quantum y^j-K ^SnKu jjjL ^j (Tunneling) (^Sajl' jjj*JI J) 
jjj AiLaiUI (V jl) : (jjj^jjj j (jjLlc. ^ ^iiiil jLnll A^i*j .Mechanical Effect) 

jAh L Sjjujj . (jjL-a j-LI jjJjjj£ijU Д -lijjJ^iVI (j-ajL-a^JI (^jliiil)j CjJjjjJ^lVI 

.LiA (Jjx-aliiiil (j-o .lij-a (jjjjLJ jjLb 

X, (^a. ца jja ClllL 4_k. ca jjl jj jjj]j I j_iic.| ‘ j 'I '<,',1 <;а j<aJ 
'L;,„ni" jK ILI ‘ j<]j .Acuaill ^ v S! J ЯШ (_jA m <— yx l/mv £a u-ljallia 


- .u„^< td]j axj jAjj j] aiL ‘lix (Plane wave) Ci jlaa Lx ja< uiu^jj ( jjjjSWI) 
(JjjjubQ ^il (JfiVI (^ic t^u^i-sll £3 j -й JaJjJaiL L_fljxj jl liK^j V i(JL-Ail (Jjfuj LijL 
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^.Учи*п jl Inlc. jl£ lij 3iblaj!>LS I.La. ^-Jaj 1лд j .A, UjlU* (Uncertainty) Я /j jUl 
^ j jiiWI j^JI JUJI j^ U£ (Traveling wave) Я&и c^U cUj j ji£]y I 
^k'umi с*п*ч t^jjj-all j^_^-a1I ^э Usajl AJjLaa <1U. ULiA .(SEM) ^-ujUII 

. jAx^aII ^jjJal ^^-^j-oll Jjla]l ^jjjUuI ^.Sc. <j\ yu,Vl JL^jj tLjjt/il CIjUja 


jl f£ = /rzv /2 U jl jU ajSj^, LaLLa ^uw^l j^Aj V t4_ifLiAjU]! A_iU_i]l j-o 

U]j jjfLl t^ajA^ll UljUlA ^Э 6 j£Lj ./^ j-o jl£l A1 aU]I Ali^LLa 1 j^U jl*J jl (Jk.ii 
jl jili]l a jaUxj A_aj*ya\1 aLUia]! al^J ojUI CliUbaUl jljU.1 ^gic- jllaJj .LUaa 
< iLLa]l JaU jjjU £Jll j]j "A_uJa!jj3!" CllUjjoiU! ^_lx-aj tLaj^JI aLLiIa]! ^Э . A j'qq'Jl 

.jUI jjjikT/l LjUul j ji^. j+Ul ^^uia! ji^V I ^и^-чИ IU STM jVuHj .aIi j 

Jl 

aJjUa ^a-ujLl L_flj*j cA_i^ja aJiUa (J^jj ^Ac. Ai\Ja]l JaU jjjU Aj\j£ j^Al t^a£ll UljUlA 

* J^-^J J^ 


-f^ (x) +V(x)'P(x)=E'P(x) (6.3) 

2m dx" 

(Jaajj t A_ a£ jjdl AiUall JjVI jJ-IaUI JiUij .'E(x) A^jJI ^JIaj JjJj^VI Jl<y tlua. 
J\ Jj j]j .Яз12а]| ^ jAi-a Jc- jaxj JajVI L_ljLJIj .Л1 л 1£]1 AiLUI _+12]l j^jjlJI 
J* g±u • v F*(x) 'Ғ(х)б6с — ) J»- 0 X + dx j X JJ*ijJI o+ Jjjj^j <Jc. JJ+d' 

:(Normalization condition) 4 jjI»_o JjJ Л 2 


+oo 

J'F*(x) v i / (x)dx = l 


.A_i jajoiaSI jiUI U j\Ud ^Э jj jUVI ^^Ас. _JjU]l U]j jpcuJalAUj 

(Potential jj^£ j^U E AiLLall jj jikl^LS aJjUU! oU (J^. j^j 

oUiVI ^ cJ^u jjj&l'/l u' «9.3 JLaii p-aje j^ U£ barrier) 

ВД= Ae ikx + Be ikx I (x < 0) <iioJdl J Lj^' JJ JjL -2 .+x 


tBe' ikx _JI j >ШУ LjJ' Ae ikx j 


^ _ 2n _ V2mE 

_ T _ П 


^U.j^]| jjc. jA k 


A_^. 


. j-o]| (_£ JJOJ (JajolI V (jc > J) /// лИаХл]! ^ (JUI . j^UJl \ g ttiSar j ^jill UjJI 


150 



(jjiJ (JaJI j ((0 < X < d) jaLaJI Aikla ^ , V F(x) = Ee ikx (j\ <+Х йЬн1 ^ ‘Uillall 
4 J i >*l д‘Л' <jjl_x_A]l 4 n ^%l -ў l _ '.I WV' .'F(x) = Ce kx + De kx (^^-л! 4 _i£]j (Cjjliabo 4 _^ja 
x j x = 0 ^ic. jj-bdl iiS]j ^ Lu tx j=ja ,*^J d'F/xydx j 'F(x) —II Cjl jaIaI 

. jLiX-<JI -La^jui (jlaXJ E J Л, fi, C, jD, С1з^1-л1л_а11 JA^ L_)Lui^. (j^AJ • — 

aJISuVI j Д I 2 **J£»iyiS Jl jJll Jc. | E | 2 / | A | 2 j | B | 2 / | A | 2 jLuuu]l lL j*j 

: jjjj jl Jjjai (_jLotiJ jS_tij (JljJll ^jJc. E~ 

(V-E) (7.3) 


T = exp(-2Kd) 


к= 



•V(x) (J^LU (jj (JJJ&I ’(4-L 1 A*J (j£-Ol 0 ЛД J 



(8.3) 


j(x) 


2mi 


: Jj L£ >lI j jjjjiiy jliJI 4jl!i£ - jl - j£_ojj 

(9.3) 


^* (х) ^_ вд ^*(*) 


dx 


dx 


jl IaJj 


I £-0 <jx«Li 1 a (j j£lui > d -lic. jLiiJI AiLi£ j 

Uaj .cl j 7 . 1 II a£'la_j *_a 1 }.J juaaljjj (-jjjoi ^jiiJI jlull jJJ <d £-л Liuil j Wi 
jLjjll jjfLi .^Ul (j^- (Jjjjudl ‘Z oLauVI STM 4 jl jj . -I ^liijl (__ Uui juiij 
. 1 /к ~ A. 4 ajLi d j j£li jl (._ cjjluaU jiljla jjli (^ ^^iSj L+ I jjjS (j^iill 


V(x) 



.^jJjaS j^Ia jjC- A^Ij jjjjiil 4uiii 9.3 JiuLI 
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dJja ^.Ij qa JSI c_ilc.VI ^ jjjj£JVI ЯзИа jj^j *STM <JU. ^ 

jj^jjI ^^i^j Lo (_$l .^jjjjoixjI aLq Л Sjjoic. (j-o (JjL Jjil jL .(1 cV) 

jA U£ C^JajoJI Jfuj Sj^. CliLoJxA^ IjA CliLjJJ^lVI ^a, W'uti'l V IjjV iAjji Ajlilujl 


.SEM J\ ajj^Ij JLJI 


<jjaii]L LqI .£>1 jill ^i L^.1 j jjjJ^ll ^^Ac. JLj. W"ill Ал. j ^lc. a!Ac.l JjlVill j^La'n 

4 (j jj jll jjlJI jj-a£ ^ cjlj^jj 1 ^- 1 л cjLxII tilL^_a cjcLcAll ^i diLjji^lVI Jl 
Л 4_^.L^j Llj La Ljli c^uiUi _}^ ^)U/I (J -адлИ l ^ . >.» j £-л (Jc-lijj V Lg-jl LjjJaJlal ^] 

(Pauli J jb jUiUil I^jJ xjJa^j l^jjj (Fermions) ejU jj^ja aIiLJI J Ujlijcl 

•Exclusion Principle) 


CjU aj]c J ojji/a^^ diLjjj£i\^ (jclxAll ^ diLjjj£jVI j yj» j (jl (j^-^ 

^gic- U_L^.jJJ llx II (jklc CjU. JaII JA kS-} J^c. ^ajl JJ ^^ 1 J .Tz J Zyy, Tx ^Llj! 

(п = l 6 2 6 3 t... jl Llujk) X = L/n ^(J^jjj ^g-lc jj 5 L jl jJXA oLaul ^i ^^jaII Jjiall 
4 n» a <jj£jj (J£ cillLl tdiL jjAji cIjL jjjilVI . k = 2.л/Х = 2пл/ L JLilLj 

^jlc- iaia jx^aj^j jl (J^aj k — (k x , k y , k z ) — ( 2п х л / L Xf 2пуЛ/ Ly y 2n z 7T/ L z ) • £}* 
jIcc.1 ^ <.n Xy Пу у n z jl Luj .((Jijuj!>Ll Jj*j jjkVlj ^gic^yLS Jj*j - 1^.1 j) (jjjjjjfLI 
4 Л» W ^^liijJI ^x^-^il jA V ufj ■ k jjUI ( 8 л) 3 /У k aJU. J£] IJ 

j k • (jJC-LtJijll dili (jjljill ^ ia 1 1) jjj a jji^i^ aII CliVL^JI CCC. jj . (^ 'nx II ^k (jl) 

C^c. (jli 6 (J jxll t-j Ank 2 dk[(Snf/V] = Ук 2 с1к/2тГ ■■j& k+dk 

bUj , s . Vk"clk/ 7 f iS ,j-U]l = U Uc-I jUl UU. ^ , ^_i]l ciilj j jU 1 У> ' I 

dilj c Jl J. -=ц U Jl k — 0 л-л I ULU]I j-o dij UJI N --^v' cIjUj jj£J! 

: JUlj UJ Z J j <.кғ ^Uui ^C-jj Ja 3 t 'o.^.', 


rVk dk 


71 " 


= N u> к ғ = 


3 N 7 i' 

V 


, ni /3 


(10.3) 


^^-ajjs ЯзИа Lia ЯзЗ jJI Aiilia]! ^juUj 

trk 2 

Е ғ =— ^ (11.3) 

2m 
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CllVUJI 4iL£ 4_jjC. J£lj AiUa ^jUaj (J£i Jj^.Ua]I Cllj/UJI ^ЛС. ^Jc. (jD^Jj 

.ft(£>(Density of States) 


i^Jjbt-UU k + dk j k jjj Sjj^j-UI CjVUJ! j^c. ^ j Ua 


dn = 


Vk 2 dk 

2к 2 


(12.3) 


aJjUJI si* JIjJJ .clE =( f/k/m ) dk j E =(/Г k 2 )/2m jSl 


^Jc. Uj-sa^j ifijlc.1 AJjIx-UU 


n(E) = 


J_dn 

VdE 


mk 

2 к 2 П 2 


fm Ve 

V 2 V л 2 Й 4 


(13.3) 


E^~ £-o Ллхй1_11л A^UaJI n(E) dlVl^JI kJ'uS л! тийэ! jll (j-o 

.ljij-a (JjLujJ 4 \\я II (J^l j jjA^ll (jl (jVI ^_gJJ l n Usllo ClbJajjal ji] .<iLiJI oJa ^э 

Ajxil j]l A-i^Lill l>aj . a_JxJI (J^l j £j^. <JI ji ^ cj iUjjj£iVI oi& jj c^jj^l SjU*j (jl 

(jj£j Vj .CjU jjj^JVI (j-o Iajjc. j (j jUI ^ i)ui ) (JLx3 jjA^ jAjJa CjUjjj^VI U j*4 1 1 
(j^-GJ cCjVL^JI ^La» j .ajlc.1 jj^AaII ja 1]I J& La^ <JaJjuJ AjiUUJ! Uj-ol] ц(Е) 
jA Цд (jl . jjj^-UI ^Э (JjjUj (jl jUaj La£ jl jj£! ^ ij-oi (j -0 AiU£]l oJa l_iLujj^.I 

(jjjajjja]| jlj cjlj-oi] J_ijjjJ^]j/l (j-jajL-a^JI (j-o .IpxJ! <jV CllUUj]! (jx ^-a £ j^. 
^jjjJa]! diLxjjV! AjsUJaA Laa dij/UJI AiU£ (jjUl 1 Ag а!лУ*п J j^AJ (^gU! (jjjxjLuJ! 

(Tunneling Ajiijll AjiULbUI j ^(Photoemission Spectroscopy) 
.(Jj-aill IJa ^ ojj^VI AiijLJI (jSSUj jxji .Spectroscopy) 


(Quantum States) ajajaUII cjjfLJI U cjUjjjilVI jl c_ijjx-UI (> 

(J jIluia (jjj iiUa]l (^Э (jjill (j]j . ^g-AjjS (JjliuiA (^]j <iUa]] (JjJjola ^jjl (j-o sJjjjl 

^Uauu (_ja (jjjj£]j Я]| jV i-oj^L]! AiUa]! jA A n»]| jLk 4 J-iqj Jjc. £-)ji]|j ^^_ajj 3 
(jjL-a ja j ^jj U:iic. -^Ljxi] (Work Function) (JxUll +JU JjUj U ^l tijjxJI 

(jjU-ajji]! (jjj 1 g u.iqj £jjjj jJxj L_fljxj CllUjjjU]y! (jji tjjaxUI 1 Ag l ) (jA l-l^. (jjjjji 

(Jja jU L^_i3 jx-o^kj ^jiil ^ j]] ajLUa I La j . (jjjiUJ! jl£ (^э (^_а jj 3 iiUa (j jLujjj 

j^.UJI ^Ujj! (j-U. Jai3 ^^iijll jLU]l Aajxj V . jjaxj]! 1 Ag ) ^x-a jUx-a j-U] jjujLia 
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CnVUJI Jic-j cojjjJjaJI 0J3J J-^LixJI di\jjjj£Nl ^^Jc- 4i£lj i4_dajc. j 

^jqq j\l jLiill .Iajxj cjj^I o j\j*j j . J^V I ji*-<JI ^Э CjIj j jj£]V I 1д jLqJ <c. jlill 

. jjL-a ja]I CjVL^. Ai\j£ ^lc. \ xJajl 



. jj-iJLA jjj Liij u jjjc. ji cjUjjjiWi jiisa ю.з ji-uJi 

L_jjU. j-o ^giij]! jlnll jU c jjL-aj-JI jjj AjjI jill ^Э j ji tii]\jA jjfLi V LoiJC. 

Я1х-£а^_л jj£i L_fl Jjj J C(Jj£\_X-a]| oL^jVI ^ji'll jLnll (JjlxJ J^.VI L_ljUJI ^gjj .1^,1 J 

(Net Ал-а]\_к ^iaj jLn A ^Jc. .ljij«£a (JjLun AjjI^j]! ^ jq'iW jLnll 

.jA^jJI (Bias voltage) ij^-o A_nlji cjjjLj l_j^j ctunneling current) 

<jjuj]\j c V j 1 L_jjL^JI ^glc. c5 £3 j ; jiui (. 1 0 . 3 J^ill L^ j 

L_fl jjoj . Л^1 j j j Jj£]j A j -ч /j £ Сп-Ч t 2 ^jjUJ ^gJc. LS - ' 0 jL^- 11 - 0 c_5^] 

cj* j^VI L_jjL^JI ^_1с- Jj^j-q jA 1 ал JiSI <c.jli ^il jq 1 LnjL^JI c_ 5-L- Uj\jjjj£iVI 

jLn (Jj-£X^J L_fl JJUJ C^gJLllljj .2 L_ljUJI ^Jc. ClAi J jjSJV I (j-Q Jj£l Lnij U J^J j^UJI 
J-4 j\l ^gAc. Lf^ A_iiij]l Cjl j\_n]| jj'U'l j£unj. 1 L-jjUJI ^j 2 L_jjUJl j-° L_flL-£3 ^jl^j 

: <^1 
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I ос J n ,(E)n 2 (E + eV)[f(E) - f(E + eV)]dE 


(14.3) 


cdijl^jj — ^_ajj3 AJjIxaII f(E) aJIjI! 

dulj jA kg .т Sjlj^. <La.j.j .lic.j E AiLLa dj!j AljjJxj (J^aaSI ^gJajajjj-a]! 

• £f* J -^Л 


/ \ 



(jl 4 j^AJ La£ . til! jjJ — ^_ajj3 £JjjJ 1 LajlnVl 1 1.3 J<^4 j)JJJ 

^c- .3.5 квТ J' ja. o^jc £л ^(Gaussian form) ^jLb d&A l^S аЛЛ1а 

LlSj aJIj L^jjJj ^Jj-aJjajj саЛл. j!i£! <9jjola]I ^jj-aj L_fljjai cojljaJ! J_^.jl (jialiVj! 

Я(Е) LiL ill^ [/f£+<?V) -/(£)]/A(eV) J^l ^j .(Delta function) 
(Convolution) J j5ll о^Ь! S jjSioll ЯЬ1 *а]1 ( dl/dV ) ^il! jLnJ! AiLlo ^^Lxj 

. jjjjUJ! !>l£ ^ic. jjL^» j^Sl ^ <JLaJ! 4iL£l lia j 


AJjV' AijjjaS! . jjJSJ jlaJ (^jL-aj-aSlj LiJaj! Aijjx-oSlj cH/dV (juLii ijf A ) 

dl/dV t-iLoi^, ^»j o * j л q\“i-4x> V jjV ciAjj] ji -^* I ‘S^S! cii! jbJS! ^jLjj (jjjUi JJaLujj 

c $. Lla jjJaS! jx-aLic- jA jj-aJC- (j! jl lJSL i^cJ^uJalS 4ulajC. JJ^' ^JjjjaS! ьЛ& . LjJ^C. 
ksiA jjja.LJ! ^la* x> ^a,W"u jj . jllaiV' SlJ-lLj 4 J \ u J j! j£aj Hjjxa^ (j^ I .xtg a 

(Jc- 5V sincot j^u-a ^Lj ji ^jjj .ASLiAll (j-bil (Lock-in amplifier) ^ISUJ 
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jiiu-sa]l jli iV I aJI-I^ I £a j «(_£jl j]l *^j3]l jA CO (j) dlia. СлШ jj Vill 

(j j^nu^ t5/ = (dl/dV) 6V jj . : ' i;-. з .co -- jjil j-ij ^jc. I L_jjj jjj Lja-jl L- iJAJijj L_ijxjj 

£^.Ja]I Jjjl Ll U>1 £A Ll u>a I j] .LIjIj S\/ Ibj dl/dV £-<* IjalLllA jllj]! C_jLjjj ^Lujl 

jLnll > l_jLj.V\a\I jj£-a]l (jc. l_Loi£)I ^1Л^] »>ia ^1лУи J j^Ai cCO ^Jc. 
l_LuAjjj Cljljljj l^il ^^Jc !lkji ^J^ AjjIjLI сз ЛА j cS/ £-q LixjLiIa Ajj] jill jiilj (jj^jU^J 
.l^JI j^Aijuj Aj]c.j (jUai (_£i ^uijA^ ^LSL^V! liA . dl/dV £-Q 

STM ]] Ял -^lj]! <l-litj]lj o jLajxxill jl Lajj . jli£ J£jjj <jJaJ^Ljj ^Li^uJa]! (JjjuiA j)A 

(j^lc.] aII (j-o cii]Ljj ^"(JjjIj — 4 _ijc." AiLaui]l jjj*j£ jLii]l jj*jll jjasi l-ajuuj 

. jiVill 4_n] ji LJjijtj La1£ Ял_^. 1 jll Aj^ilill 


A q'ui'iA ^ Laa.’j l_s jjuj ILl cljjjij AHjIj Л^.1 j l_ijL^. ^lc- lIjVL^JI Ai\j£ Lliil£ I j] 

Ailii^ (jjjLiL STM (J -ас. AiijJa oLaj . j^LH L_iiL^J! Aic. <]L^JI AiU£ ^jaa'JI _jLii]l 
. j)j*-A L-bujLii ljjIj AjL*J аУьЛ\ 4il!i£ ji лУ Jai^ j^Ai <j' Jj^.V . (jA*-<J ajI^ -а]! aJL^JI 
oAAj .Ajiiil! <jtij]! <L^.Luiaj (JjjIj — ^JJC AiLuiaJ! (Jja (Ja! jx)! j)A jjiy (jla'n (jj]l 

A_ajs]I (jV cSTM ]l LjLujlji cljVL^JI a ^Э Iaj^. Ai j j^a l" u*nl jjjLla]! 

(Jjx^-i^ll fj ^j]1 ljIajLla]! (jli ccii]J £a .IaAjA^j 1___1ли-а]| j)A ljVUJ! AiLi£) AIIIxJI 
SjjujliA jii^Vl *Laijia]l Ajqqill jjli ccji]J ^^Jc aj!>lc. . jialjcVl а! Aj^L^ 1 gjlc. 

aJ jaLaI! jjc.j aJ jaLa]! (jjjJUJ! Lii£ ^^э Ailii£il (jjAji Ljaj! j^Aij .llVL^JI Ailii^ (jxLii] 

оАД c.^ iuj ll! qj)3-alll (jA AjA^J! STIVI II -l^J iiiliJj . jj VJI А_п1аЭ (Jai^x ) A_LaLuiJ (J£j 

.(Superconductivity) aSjUII LL^ ,jJI > lc. jL J&I I 2Ji.V I t>j .S jUil 


Aij tAJUJI 4 iL&l (jLlil jicJ jj]l (^g-lc* (jjJaii ^jqq'JI jLii)! а_з 1 Аа jL j£Ji 

aJUJI Ailii^l jl£ IaJ Ia^. (JLx3 (jjjLia]! (jjfL l_sjjujj .Ajjlii LaaIa^. 1 (jj£i j! LaLm LLJajj^! 

.Jjj|_a]| A jL^ija]! aJL^, ^il j]l ^Э oAAj .A^uJalj]! Lj| jjAl! (jj ал_1 j^.V! L_liL^Jl ^э 

r^LilL AjjLall AjL^ja]! cjLj jjifUl аЛл. AiLi£ (JjIa' 1 j^Ai cAjjjiajll A-jjh'JI Laijj 


n s (q) 


П п(0) 




0 


if |^| - A 
if й - A 


(15.3) 
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Ej' Jjjj. 1Л AiUall cA ^ a 1 -U\ Aj jLlx-UI Ailj£JI cA П п (0) L ‘‘ 

(Electron jjjjilVI jl jil A_jjUll AiLLJI ^ 2Л j .ji^ ^.j^S 
(dl/dV) Aj^ijxull AjsiUI ajL^jUI 12.3 JLLJI jjjj .jlli J__u ^ J pairing) 


IJIx. ^.iVhj h.jhu' 1 Ijj .E = Л Jc. (Singularity) LjiUI Jia.V .jJli J*^>J 
aJUJI AiU£ jjUil a ^l 'A'w..l I . >. .1 jfjj ^ . jJli J - ^ j& ^i AiUall '! ^ j ^ jj'uil ST IVl 


-^j^all jUaj Jj Jjlj IJLU, jj jfjj jjill tCjLUj3jA]l jjUuajl 



uul jjjUb AjJ jill (jj2 


AjiLJajJU Ajlfr JjuaaJ) j Ls Jjljl jjj ,A jlrijjJI Jjjli - jj ~ AJUJI AiUS 12.3 JSjJI 
AjjUjjill AjLAaJl jj jjU 9 j^jjJ) jj>) .Д (^jjjSj JUjjj JJjj ajjjjl ,*i ja . AjiiUI 

.(AU jjaVI 


STM jjj ^jjjjjjII jjill jlj t b Uj j* STM — II jU Jii-'J 
jA jjj£ ^ STM > Uj - ,, i .UUa aJUJI JiU£ j ,- , j£j>j Ajl j& a U iJI a \. ^. jllj 
4 ^ ч' *Л 1 ^ j cju^t ЯА^а j-«JI iSjli (Vortices) cijLJ j.JI ^ jL^VI 

^g-u ulai*_A JI>-a 1 j*SA 1 ( (II ^jj Aiilill dl^Lk-ajAll ^-AjoiJjj А1Ш Cll^L-ajAll a 
1л_а ^jliJ J\,>a'I Jajla^. ^aVVuai t Jj-a^J LoAic-j ,Lijj> ojLall jljLkl ^_>jL^. 

4 ijli jajI Jj <J jlc. £^l jil ■lajj'vll a ЛД ^ u-o'uuj . jjli Jj-a ja J ^.1 ^ Ja jj^. 

jJaLlAll йЛА jg lilui j .(13.3 J^joJI^ j j 1 *у aII ^ uijl-i'i» a« Jl> aII l)ui ) (Jjj-ajJI 
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. 4 _ud.luj 4 nn 'i ^^ic JJ^. l^nl^ J (cIjLqI jl ^^.Ajaijj 4 _i*_niall 

<Sjli ЯИплИ (Low biased conductivity) Д^ЧьаЧ % jja*JI LU j-dl j 
^п-ча LixiaJjojl liU .2A ЯзИаИ fij^3 lUti_i l*]]Lj t^jjLti! Ад1п1а]1 ja JJJ^J (_]з1 (Jjj-ajill 
ojj-ua (X ja V i Iaijc. 1 Vi^aj t A ja Jal jj^n i j^. j ^a a_iL-a]I a_iL-^3ja]I jjjLiSj (Scan) 

• (14.3 JLill) c!iIaIji]I oLa 4 I 


Lnl^A inijjj^WI jnnLm^-ll !_£ПЭ c. <al'*iVi (JJ^-I SjJJ^ CnVL^. cillljA 

4» h«*ia4 Ajjjlnll ^nJ! (^JJk jl tcn jix]ljl L_nl jkjlSI jli .Am,ll £ jhxx i ^ic (Spatially) 

jm,j cj]]i] .o jjl jaII 4 qLaiAll ^Э iaj^iA (J£jun i_njjli^]VI j-aiL-^xii! J;i*j n_flj-uj 

diaLola tlij^ лк jjxaII a£aVI (j-°j .AjjjLjl! In^. jl jj£il! ^э 1 Дп^э o! j! SXIVI 

о!Д (Xjjj-jxi j^AJ .(15.3 J^joi!) Ajjjlnl! (_з-п]1 (_jj L_lJ]l_J (jjjJ^IYI Aa. jj (j-aj\ ■ -^A. 

KSTM <_jjo\ j £л L-ljC.^ JaJ J CjI jill (Jii JiLa. (jji 



.4 ;l.rijJI AiJli Jljj s аШЛ .AjJ jJI (Jjli j>jjla]| _iUi jJI jnn 13.3 jsm 

. ('LeljJI П) Ajjl* jV) ца-1_а| (N) Jbm l^ijji-j П Aikltll <ji]j 
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1 9 Jjia (jAjlii JLijj £A tl.8 K jjfr Ciiii NbSe 2 — 1 STM Д -aljJ 9 jjua 14.3 JiuJ 

. (AuSjjuVI AjjLjuaJI 4 -Jt >9 " qa jjL 11 ^ajaJI j-jj т 



cJLjii) Jj| jj Jii UL .(111) ^julaLjl ijA j»c.L {jlc- (Co) CiiLj£ Jjl jj 15.3 JLuJI 

ji uLS ia^V STM (jui j AjuJjj j ija!) xa AjUxj Jjlxlil jjjjja jfr cjjjjxUI iajuil ^JI 
dl/dV jjua цуД ^yliuJI jjuaj) .jjjaJI Ajaul jj UjjSjj L AuilDI jA AjjjjjUVI CjljAjjJI 


■ (9 AjAa. д'| jiLiASLi ujLaui!) jj jjL 12 £aja 1I jj) <_ji LUjJ 
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(J-gLxj]! (JjLk (j-o IgJLuijj jl ^JajuJlj JaLiJjVl ^jji^. AjAI j]| Cjl jJ]l Jalaj]l j^-oJ 
4 \Ui\A ^>J1 oLa £a Aj^JajoJl jjjj£iV! CjL^.j-0 (Jc-Isjjjoi j . цл! j] 1 4_ii] j3 ^a j^JI 
^Э jJXj-a C_jjLlkl£ STM Sjjj-^a ^^Э lJ]J jg JaJuij .AjL-aj-<J] IjJXj-a Lljl£-<i Ijjjju 
4_i^. j-Jl 4_iual_kll (Jj3 Ja £$J1a jA La£ c Л jj^JI JaLul jia jC. ^Э j jbUI 

. cjlj j jj£] jL! 

^-aIjU! jJjj-alJl£ tAjl^jft]! 4 jL^j-oJ JJajLk£ STIVI jju-a JJ**i3 1 (JjL^j LoAic. 

.UUi IjJa^ ^^lLoJI ^kxJI jjfL jl l_iju tJLLJI Jjj^ ^ (Vortex imaging) 

Ja <^jLi Sjjj -л]! La I ^lJI cjl jjjJl djl£ lcl Lq Aijx-o jj Vuu^ll Ja AjlJ cL/jj 
^Juia (jLaj j-o j]]J CC^j jl 1 jjlc. j .^JajjJl (jjJjLjalJ 4 y jj ^al ^jj jj£jj jjJj 

1 j jSjQj (.4 *\j}-iu»i‘j Cj£Ij Ljjjl Uj j! 4^,» Гп Lo£ 1 ^JajuJl jfLl 1 Jli .^IxuJl ^jlxuj 

л]| jL LJ ij]]J ^-ojuij СЗ j . jj VJI CjLiil j3 j-o Cj^x]! ^a 1 g j 4 qJajxJl a jjj-a C^l 

tJLLJl Jjjxj ^gixi с^ -uijjLcaj]! jj^JI (> >jjji!VI uj^J' (De-convolute)*l jSl) 

<iL£ jj t." п*ч .V> >/l jLajl 4_iJj3 ^x-o tiJi jjj-^aj j! ^_a!j.J! jjjj-alJ! ^Э 1 j j^j 

cAjcIx]! SJUJI j jjj-ajJl <illi <]L^JI jjj Lujij 1 g j ^л> J_Jlx]l ЯэОа]| jjc. <]L^J1 
ajjj-a]| йСА 1 jxtjVu J lijj . (Д_1Э! jCi jJjla) AjxUjLCaj ajjj-a LgjL (jialjJ^V! 1 jjS<aj3 

i \7 <C Л Aic \a\\ jjVJl 4 Lt J jJ 1 g jlc. 1 jL«a*\ ^jll S jjj-ail (^aJjuiaj jl^ S jjlxxJ 

.<jijiaJI Д_л! j-^]l 6 jjj-aJ Ajjj! 4 ^. n Л 1 jj^jxj 

.AjLuJ! jxcJl aJIc (jjLsi] STM ^*1лУи J Lcajl j^-oj ;ЯЛ_^Л AiL£ l-uL^. ^Л 

: J sUa*-a к ‘ t£ _K( £A L_Uj:1jjj '11 jLilll jli tlLLu (Jxallj lillj ULialj La£ 


/ 2m(V-E) _ л/2шФ 


(16.3) 


AiUa <] ^_ajj3 (J jJjuuo jl LluajJ^! ЛЭ Lj£ c^jjLuJl jjjjCJI ^Jc. LJjj-a^ (Jj] 

V (JI^JJjuj! ^JJ .(ojJXx-a jj^lJl AjJ j3 CIlqIc Lo JUJ! jA IJ^jj SjJXj-a E (j'j t jL.ra 
Lo ^Jc. Jua^j t^jUjll jLnll ^aJJ jlc. j] .ikl £-oj . (jjC j JJ^] jU Ф (JxjuJI <]|л ^JajoiljJ 


I - Ке-2к s => Ivl = (nK - 2к s 


(17.3) 
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i а£Э j^j бФ (Jjuoil AJIj ^Jc (Jj)i>^^\\j . L_boAjj]l CIijIj jA K (j) C* П*ч 

log I LfjLfJ Liajuj^ I bli . yS Aj-ujLiLq^ 4 ql“i4 x) 4 j3-i» ks-i ciiLii] ji ^a / Li ^J! 

^-uj^JI ILa (slope) cJia ^Liilujl ^jj^Ja (jc. сф (Ji-uil ДЛс cja^j j£-aj 6 Vz lI^LLg 

Other scanned probe microscopes jub <_pa-e jAb-a 4.3 


(Jj.uj.iVi 1 g'lJ-uuil jJ j£-oJ (jiil oill^jll Aij^Jall Cuj.nl jLfill iij^Ja j)l 

(J^joij ^■'iS'ujiJ jAU-JI (j-o jVl ^э! jC. jJjLall jJjj-allll UiiLi^ . l^uuiLlSj ^ jlajuil 

ILa .(SFM) ^julaII oj 3 j g > j q jl c(AFM) 4jjj]l Sjii! j g ^JLJj 

v^.L^. j/ jl Clli^j . 1 x>g n i AiLubal] jjjjja^ 4 natll j jj.i>a!I jjj (Jc-lilll o j3 Jjjlij t jg.>A\l 
4 L A ojaa cCAj • f. I j-uj -l^. ^Ас 4 \x^-ija]| j ^JjlatJ! ^JajujVI jJjx*-i i j^AJ Vili ( jLu 

6SXA4 j AjjIIa 4*ijJA C.“ Uj.m\ J^-SaW ILa AjIjJjujI (jli itCili £A .STM 0 jxo ^ J-lVil 

^gjjjj^i'/l jg ~ч a\Ij AjjIIaj .AjjIjaII u_fljjia]l (JJa ^Э Aj£aa Ajjiil <jLiLujj/l £.LL jA 
^Aj c J-ij^ a\I ^Ij^JI ^^Э 4, nat \l j (jAatj jl Lgjl£Alj cJajuiil Sjg_U <1 jjVj/li i^uuiLU! 
.SUj^C. CjI JJjVa ^i lc. Jjjj JJ^Ij Jj£! jl g > \li iU-jljjujL/l oC^J 4 jatuuJI ^i JJj!lJ (J-ilVjl 

4 V(r) 


O-e- 


jLiillvj 


uaj 


(jjiAjUjlJl <jat_iJaj 


-► г 


I 

IaAjC U Ja. (jjaSJI jj£j .La^Jjj Я^ЬиидИ Aj|i£ 4 JjxJIj (j*il jll jjj 4 uKW Ailkll 16.3 J^uJI 

jUjSj IaAjC S ji-i IjSUja ^ u/ij <UiI t ((jubajlUI ^ic) (jjaxUI 1 a^ ^tj jC jjJcLuA jU j£j 

. ((juiuijUil) (jjaxU! 1 л £ Uaxj jua jjjjllu 
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Ig ic. Ail j^-jl n«,jj Am,l' j*i > а11 ^jolaj c(AFM) (_£jill S jill jg ~n a ^Э 

e^pUlU jU^VI (Ул jjj^ ^ AFM ls^ сЗ^Ц^ «1* $ (Jc-Lij 

jVl lipj A13 -il--ia А\л*\ ^lVlui) L-Sjjujj cj-aLi-II Aj, UAj-aJ Ijlaj ^ \Сз.ПҒ1СУСГ) 

jjA^ ^Jajujljj A m 11 j (jul jll jjj (Jc.li!ill S j5 (juLij .(РгоЬс) " j*i>a!1" jA <j-qjaC. jj£1 


. jjj^jU^a jjjjj jjj (Jc-UjII lJu^j ^jII ;(Lennard-Jones Potential) Jjja. j jUU 

AjL^uujj 4_3aL^-A ojji-ma ol jj 1 g ‘i^lj cUima U3-iq*i 1 aJu.i> c.“ u jl ojill jli L_fl jjxj jA La£ j 


ja Uj ji jjj j i £uJa 3 Lo^jxi . j! jaJjujU 1 g K L*j J^ijUj Jj£l Aj^jaUj^ CjU j jlfll] 


(J^juj jjjxjj AjjUj A_iiLa 3 jjaxjl! 1 Ag x>»« 1 jU_l^J L_fl jjuj La^jU c jjaxjl! \,Ag \ 

jjj jli oji ajjUjI! L_jLkaVl jjj Sjill ^^Ас. jlLjj .jjVV! djljill CjUjjj^IV! ajL^uj 
LJc. (- A/r 6 ) oj^ ч^н Ъ А l yj (Vander Waals force) jJjj 

ja !.!>. AjjUja cjljill jj£j LoAic-j .Ujjuj jjaxjll \ g l>i» ) jc oAc-LU-e CjIjaII jj^j 

1 ЛА ^lajaj Vj . AjVnll jj^. aIxjIjI Iaja jA A^jU oji JjiU J^.Aj cjAaxjll \ g j>>i» ) 

ojjj£ jiUj aji A^jjjllj . Ajuiij jlLdl aIUJ! (juAj (J^Li^.1 j-o jjjjjj^lV IajaII 
S ji jj-a£ jl .(jjaxjl! \ а^ x-o» j jjA jjjjjji jUjill jj£j LaAIc^ lAa. jjjJa jUaj j)AjJa 
jjajU £_1 a 1 Ajjjj-Ja сАД jiUlll SjB j]j *(+/?/г ) (J^ Jij jjfU Я11_а-1! dAA ^^Э jiLilll 
jjUJ jjA^ \ i jL)LA“i 16.3 JLaII (jJJi .L-jUall CjUjUj jjj l_UL> 21I Sji A >jVi (jjjji]| 

jjljj A Lq'i cSUUa c(c_jjill^ jiUill j (axjII^ l_jaL^j 11 ^^jiUiA jjj .(JjjjA (jjj jjj> 
оАД . Ijij-a (jjLmJ (jjjjAl! (jjj (Jc-lilll D jij ^jaVI o-la. Ajc. jjA^ll Lg-i3 jjfU 


. jUjil! jiLuj ljIaIU a LVill 


il iAjjxJl ^Ja-uj j)A AjjLq ^gic. (Jj^-aII £uJaj ^aJJ LaAjc. aLUia ЯИл. LulL j IaA 

й jUj^.1 axj c jiUj s jil ^j j)-Qj ^(axjVI a LVill j)A ^IajjI^ L_jiL^j ojil Vj! j*i>a\1 ^l>i4j 


laij^kj LoAlxi .AFM (JaC. (^3-ia‘i AiWil ftjAUal! oAA al .iWil j^AJj • jjljjl! A 3-iqj 
(J*i>a 11 (jjj ojill ^Jj-saj j (jAA^Ull ^Ac. La'ii AFM (Jaxj cAjjxll (jc. Iajxj jj>a!U 

dil juuiC oAC. jjj ^jljjj AiLuLA ^gic. jjj! jll jjfU 4£uJa j-dl 1 аД . L_jiL>j o jB Ajjxll j 

3 -i a‘i (_5^J .10 N A jA^. ^Э o jill jj^jj t^Jajuill j ул CIjLa j jjjuixjV 1 CIiUa oAC. ^lj 
jjAjc. AFM (Jaxj j ^Jajuill £_a jjujUa (Jaa^jU 4 -ILa. ^^Э Ajt ^ j (Jjj! jll j ijx j ; jiLnll 


jV^l L_fljlall Ja oj^.j U_i3jJa Ja IaS -ча tjjjjj Aujj-q AaIc-J ! (СЭ П t i iGVGr) £(jij]| 


(*) 
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JlU. jjjiL]! . . 1 y j ajjx . <iLoiii jAj-ia jjj£ J^* *j 'aji]! jJxSiSi . (_jib<i]ilj]l A jx ■ jaj 

dO 1 N J 10 ^ N jJJ IjA (j^ijAi]l jjXjjj]! (jllaj jjfijj . jilij]| jliaj'JI 

. 10 9 ^jil s jJXj^a jj£i j! j^AJj 



и 


40 цт 


i 


13 ja jaII j- 3 ) “Цн j-iail bil j& jjjlil ‘Ua*j | jj ЛАиаА AFM s SiO^ f-^siLi 17.3 jSjiSI 

.^<USjJaVI ^ljill ‘LuUAJA jA jjL 

(jijjAljjj) (^jjJajLi jjljA^ (Contilever) jSiLi]! ^1 лУпи 1 tJLa. Sj ^^lc-j 

(jjajLi]l CjjLi jl£ !i! aji]l i ^ j jA j t jjLj]l . al jj^jl julijj . jc-liSi]! 'j ji jj'lAI 

jjjLi jjlj j! i^jjui jjLi ajuiLj^. ^-jiii jLojjalj .lijjx^ (Spring constant) 

j^AJ .Ijjj£ lil jajl . " l-jaii jl ajjxj-ja aji] j£jiJ i *‘ 1 jL^jiVI jj3 Ijjxjas jjajLi]! 

Ln£ <jL-ja Cajl] k jjajLi]! ilulii sLoj 3 jjjii 


, E wt 3 

k= 5 - 

4 t 


(18.3) 


(_)-о1л_л (^) cA^Lajoj ^lc. ^ / J W, t Ljja. 

jjLi Lq LJLbj Ojjixj jiiS! JL4 ( ^iiiaJ I (Cantilever) ji iLjil jjLi ji . jSilj]l а/л] 
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dulj jjfU (ji 1*1*4 1 j .(17.3 l£ *iH) A-iJ Jjjall UiljLjjUSl AjjjjlaJ Lc. jH-a-a 

ojjiu-a jj£j jl jjLSl < 1 j£ ^Ac. LiJajl ^ 1 ~ 4 J j ^Sj cAjIIc. (jjjUi AjjuiLuia. jLojJal ljji_x-a 


jjxj-a £_jjJ (_)-о 1 д_л jjj -lajujj (ja. ^Aj Au^LaJ (jaJ itjllj] .4 хЛчЧЧ ixJI jjjjll CjljJjJ Alc. 

ALud£l jl tjjlAxull Ajq.i Vh*ix> 1 I 4 _*jLaJ! SjLaII . jjUSl S jLU o jjx ksi\\ <ilj£l! j 


13 

(JjJuJ ^ic. (jj£jiui]| ^JJJjj] £JjJ (J-olx-Q £-IjJ -(Si3N4) jjliLall! «IjJJji jl fc JjSUluJl 


jiajc.j ^200 |im (JjUj (j j^i'j^il l j^jUj Aj^.j] ^ij .250 GPa. J'j^ iJLu]! 
kg/m 3 <ili& ^Aj .1.25 N/m Jl ja. (jiuljll сф i2 |im Я£1л^ j i20 |im 
kbl*JI ja 4jjjj jjbj jS-ojj .2.5 xlO 11 kg Jj^- (pUI ^0 j£ jj^j c3190 
JjLoji ла2 (Jjixjs ^jklj . Jlc. 1лл jj jll j^jj jj .220 kHz JI_j=-j cOo = (k/ni)^~ 
. JH2I Jjjaj ^lc. ^laxjjaj j^£]l L_JjjjVl^ L 7~ Л jji (JjkVI clj^i j^jj jjjJ 


Я -aji . jiUll lJ! jaJl J!>Lk (j-o (Jc.ljj]! Sji (>:Lii j^-oj ^jiajUSl dulj ^ijx-oj Il^Aj 

i^jj)\xuy jl .la.lj ajl^i-o H_sljajl ^Liil 10 ^ N o jil j^-aJ tN /Ш IAjIlLo (jjajU Cjulj 

.о!Яс.1 ^UaU-Ul (jjja]U 4_mjl_ii L_fll j^jl j^j 


V (Jjj! j]l j! ^juJal j (J5 Л’п ^ l'u'i'i (jjd-ojLj]l ^Lc. A_iXuJa j] AjjoUJj]! S jj-U! (jl 

(jli ttj]]j £_a .Ajjla]! ^Аа-иЛА Aj-ujLIa ь jj-o (^AUSUj tajjoilj-a ajj-kuaJ ^JajuAl (jjd-ojLi 

jjj-o! ^Ас. IjJJ^ JjLijj V *^ji]l (jV 6 1 Jjj£ <x_3jj-o C." H jl (jjd-ojLj]| ^aLC. A-iXuJaj Ajl 1 *Uj,iI 

jiUl! jjjj jjjj jUaj! j«Ui U]lL ^jj tj^lc.1 AjjujLui^. ^^Ac. (Jju-aaA] j .A_Ljla LiLuuo 

(j-0 CjU-O O-lxJ Sjlc- J tAjjjj JJjJ ^jc. jjUll L_jjjljj .OJjujU-Q L_flljajV! JjUi (j -й V^J 

t_jj*U jjajl_j]| dijlj j! L'n^k j .AjILc. Ai^jj AAj^juj ^jjjll jjjUi j^-*jj ILa .kHz Sl 

F'- (Force Gradient) s jSll ^ jjU (Offset) аАлЛ^ ^jiji 4 & = AF/Az — £ 
k U_ua. Ai e ff — k — F ‘l£ jik! o jUxjj .z ^ij-dl Я]1^ ^ L^- ui aj Sjii! cijl£ lij <.dF/dz 
; ^lajull jc. !лл. Ijjxj jjUil jjfU U^jc. 4 jjUU (Nominal) (_^-ajujV! tiljjijS! djjU ja 
j-a jj^! jiUl! ц -^jjij ^jj Ui^jc.j .coo = ( k e ff/m )^“ ^«nJal l jjjjll jjfUj F' = 0 
co = = [(& — F'} m] 1 ^ ~ C 0()[1 — 2F7k\ н -^j ^ .. n l al l jjll jli 4 ^JajuA l 

^ jij jjjjl! jjjj ^gi ^UjiVl l>jjL . 2F'/k — S LLja. La.U jj! J ^^j j ( к е ^/тпў /2 
jc. Lol ^UjiVl (jjjUi j£-cjj . (Jjj! jSI j 4, jjxll jjj LiLm-UI ^lc. J^j &jjLj j <.F jjiS! 

IjUuC.1 j . jl jjAVI ^Lujj! ^i Jjjxjll (jjjla (jc. jl 46 jjuiU-o jjUl! jjjj ^jj £jjj (JJjia 

l-ia. UuLj ^LuijVI yU jjjxjl! jj^j jl j^j 4 jjUA (Q-factor) Q s^j^Al (J-qLc. ^^Ас. 
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U* ^ ^iLuiuJl 'iJjjaJ! Д_дЛх'111 лИ^. AiLjal j^AJj . jjjj]l jjji Alc. 

4_ixjJajj Ajjj]l oji]l jg т> х> (Jaxj tAJbaJI йЛД ^Э .AjjIj 4 л\\ \ jl jjAVI Яхош ^^Jc JaL^ll 
jjfL lj jjuj coJjj-oll AjL*I 1]| jjJ jua .<jj\j o jS Ja-ajj "JJaLuJj" jl cCjjIj o j3 ^ jJj 

Cjj1j]I jLjII ^jjxaia j jLu*uJaj]l jLlA ^JjuJj .CjjIj ^lijjl 4j*uJaj AFIVI 
<llalA ^uuia Ljc. AjjIj]! $ jSJI Aj*uJaj jLilkl j**iVujj]l j-oj «SXIVI LjjIj]! ^lijjV! J 

.ojJJ^ ^j^Luia dj|j 

^JauuJI £_a jjujLia (JL-^ajl ^Э jlLi]l jjfL i JJ>L]| Jajj ^Э AFIVI (J-axj LqAjc. 
бЛС- Ujljllo jjx'n jl j^ujj c jjj^j (Jji! 6 jil'njll s jSllj .fijaUlall a j^]l (.jLLaj ^э 
^JajuJI (Profile) c-Ujjuj ^jLj ^£>1 jjLll! 1^иэ L_ajajj .fijjo -аэ ViLmA jxula Cj! j>a 
• *j juuiLjc (JJjLaj jV ^ Laj IjJJ^ c_fl!jajV! jjfLiS 4 jja!uIj]! 4j*uJaj ^^Э Lg! .AuujLuJ 
JL сл! jaII jj«j Л Ajjujlljj .L_i!jajV! j SjilJ jjj^II ^j*lJl <jLiluiV! jj^iWlj 

ji&vi jjjixJi ij*J j . jaa!)\j]! Ajxolaj ^Э AFM (Jjx-^ ^JJ LoLjc. 4 AjjL]I <j\ ГииУ! 

juLaJI c ^ ih jj ЛЭ j . (Jj! j]l Aiajuil jj 4 m 11 ^Jajoi jjj.ia. Ajj\£-oj jA jja^\j]1 AjiVi ^Э I j)aa. 
Jauj ^_L-ajV t j]]j] . 4 \ \я 11 j j а 11 jjj (^JjjUJI^ (She3.r forCe) j-saLI £j£ j-e 
jjL Li]j .<Ja.j]jJj]l jlLjjx]! ^li» a (J-ajaJ ^jJI t^LoiLoiaJlj <Jjla]l ^JajuoVI (Jjia!u\j] 1 
jj jjj^II jl Л^Э j jJ jua i 4 K Jjjll j)-o ,wll 4uj\l CjLljij AFM (_g л- 


o* 


AjA*JI 


.LjLjjoiV! 

jijll Aj*uJaj ojjjJjuJ ^^-ajuJ Lo ^al ЛУи J (jjkl <xjLuj 4 j jVi ji]\jAj 

^gJajj jjj Lkixu j LbuJa j J ^ SjjjjjoJI oU j .(Tapping mode operation) 

VjjDajll 6 jLlj »16.3 (J^ j'Jl ^Э jjA^ll ^ !->■ 'ia ^la j-o L_J jilL jjla^u\j] 1 ^аЛС -j jaa!u\j]1 

)a uia ^aJJ .10 ^ N ^Jlj^. t jaa^\j]I Aj*uJa j] ЛаЛ jC (JjLj (JL AjjilJl dL^J 

^Laj! jli c А*пя 11 ^Jajoi jq-naII ^uuiaj Lu3j .10 ПШ (_gJ! j^. j-Q ^Luj! ^Э jjgjl Juiajjl 
jLuia 4il ^Jc- jl jUVl ^Loj! .iLjj jl j^AJj .^JajuJl jjJjLjalJ Liij jjjtjjjai jl jUV! 
LJju-tfaJ <j\£j jjj! j]I jl'jxj cA_l*uJa j]l oU C5^J .^JajuJl j ju! j]| jjl jJ ^ij -й jjJ LiLuixJ] 

jij]| j! ^j .(Tapping mode) "jiill Ljxj J aj' ^mVI JWI ‘ jjL ^kJl 

LLw'i (. JjuJj c4_njUJl o jil! jiaiaj jl j^AJ 1U (J_i*uolJ! Jauj J VI J jjj ^JajuJl jijj 

.tfLi^j] ^jJj]! CjLjxSI j Ajj)a]l л! ja]I jJja-aJ ^Э l.ia. Л)Ча ©jj^j IUj cLjjx-o 
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.1 '■4*4 „VI AjuLui Aijjiait sift (j! ^j-uLiai ^Л~ч**и*14 ^gl ijjia j jjJ ^Uaj 18.3 ^J^Lutl! 

.(fb ji&ll (jSuj+Ji) ±$jla1 \ jA 14 £->ja]| U-e) AFMs £)a JjJadj 


jAj jjoiLia (J£-uij jj!j]I £3ja jjjLi 3 LS^ Ц -^jj 4(Jj*-iaJj]l A_i*_jJaj ^ic. IjLajC-I 

jl c jaa^jLI]! ^aAC. AjxjJa j ^Э JUJI jA La£ jjj j]I AA jj JjLi3 jl t jaa^L 1]| Aj*_La j ^Э 
^aJJ tdlVLaJI оЛА ^x ja> ^Э . jSi]l AjxjJaj ^Э (JLaJ! jA La£ jj'NaII jIjjaI ^Luii! jj Ij2 

L_fll jaj! jc. L iLjSW <a]ji-A j jla ci]liA . ja^-a]I c__fll jaj! ja jjUII ^ Jc. (J jj-aaJt 

aj]T ^,к1ип Cjj\£ tAFM Jjl ^Ijj^V JjVI ^bV! c JHaII Jjj^ . j*i>a'I 
oilc . j .aSj 3 ciuLj jkl jjIjj J-uajA AFM jjLi jjj C5 _ai_i]l jLull juUl STM jjI j ± 

cii]J jl Laj j .^JajuJ! JjJa ^ic. jili]! L_sljijl £a \,Ag ni o j>q\l JiLuiA JjJa jjjxjj 
jlxjj .LaLaj SjSj-uia C** U jl A_ij_jJI jl j <JXu-a jj£i оЛА c_Lui£jl ijjjjla jli jjiL-aj C t JLa*n 

STM (jjlj jJJ Jc.I_9j]| jli tciiiJ ^JI JiLual .AFM J*i> a ^Ja-uj t_9jlaj AjSij]| 4 >j*l 


oj цЭ L^a JSj jlall oLA JI.\iuJ ^aJ aSI j IJa . jjljll L_fll jail £_a (Ja.t,VVuj AFM[ jj\ij 

J^^Jj La ^Э 1 g Lli^l Vutt ^jiil Ajju^aj]! Jjjjjla]l£ c\g *1 а JjJa^lj 


g. x-a* i . Ь I ja]Lj A-).uj j A xaj jjj>a 1I jA ^iiaJ! £. jaJ! t^jjuaJI AAjj]a]| ^Э 

JfLuJ!) Jjjuaj ( ibll jjjla jc. j! LjIja jjjla jc. Loj i ^JajuJt IaA ^jlij jjj] j-° ‘LAja. 

jjjLuia. L. ijl£ <Jauj! jj Igic. U_lui^]l ^aJJ i ^\L*j%\I ^JajuJI ^ic. jaJ! jjjI^» 'il Axj .( 18.3 

^jjjji]! jl^a ja PSD — II j .(Position Sensitive Detector-PSD) ^ja]! jc 
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Л Ьлл. (Photodiodes) jiujjja jjjjJj jc. SjUc. jAj .bjlaj j3jU 

■illj jxjj ajj]j 3 Jl jjjjiljll !>l£ (Photocurrent) ^j^]! jUj]I Jjj^£ jSLaj -jjj 
lili .(Differential amplifier) J-blii л ^.>и S_kJ jj jjlii] jal! jjj Jjill ^ 

л . >1' j'ji]! _U i]'i_iA j i£j jla t jjJ jj! Л jjj jl . . '1 IU Uo j Л j ■ ■ 

J fajjoc ^Ljil ilLiA jl£ lil Ц . I jit^a jj£i c_a jjj iUjlj]l Aii] jil! j (Photocurrent) 

■ ijjj «. j . >11 j_a Ijjjji ^_i]jj j]l ‘ j ■ >11 J jj! j]l jli t jjlj]! . al j^j! L_ijjuj -LcjaJ Ajtij 

- >■ Jl jui J jil 'ill A_ii] ji]l л 'S'i . .Л jl j£jiJ . t - Jjjji! ! Jj_S . jLjill j -й Jj j_a]l j] jJ 

.jlill L_il J^klV (juLLa^ 


(jjj ЯзЬо1а 11 6? j|J Cllpk dbO — J 5x Я -qj^Jl <xiJ ^LjjVI (Jjl 

s_alj^-j| )u>nj .jjJl! Я -oj^J (_£jljl! <— alj^-jVI jA Ъв J ^jjLJIj J-iJjjJall Clllijjjl£JI 

jj.lL Ujll^ljj .(56j/2 cjj£ 1 Ai^j jl^ Ajjljll (jjii j jjfU! Я -oj^. alj^-jL 11д ^jiLll 

jj! jll ^ jaUJ! JlijjVI jA 5z j) c5z — L Ъв — ^ tL_jjj£i Jjl J! L_al j^JVI 
tilliA c j jjJ й jUxj (jl .5x = ( d/L ) 5z с>® .^Lll Jjia j^ L j 

c dj\ j>cUI CjIIa ^jJaJ 1 jjj^ jjfU j! j£-aj i-oJl 1ЛД j]j .d/L i 

.AFM _U ^ixill Jc. IjUc! 



I 


AjlL Jlilil aLkj! ,л$*М\ jxu .PSD ji>JI j£- tjjil . .i-tll i i—illil jl^aJ fifi -чд 19.3 J£JJI 
quad-PSD — 1! j£«j (-j) . JjSLuJI JLsjjV! bia 0 * 4*4 j! PSD — li j£«j (i) -jjJ]l 
. JaVl JlilWlj Jjilui]| JlajjVI flj-u ik Je 0*^4 o' 
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^LjUj ^ULi* (Quad-PSDs) j-dl A-ujLh^ <LujlS ^Ljl Ljajl ciilliAj 
(Four <*jjV I ^bjVl > JS > л^1 j (Photodiodes) ajj jja djb jjb <*jjl 4_ja 
cJ*-?- Aj»jj)n4 Sj^ll cJ-q x'u * ) Я -Gjiaidl алд > .(19.3 J^joJI) quadrants) 
lU*j jj^ > c(Photodetector) > j^l l-L2A£1I ^ "ILjjAj b jxU' jaliij jjjlll 
." jx<uii j jLujjII" jjAL^uVi > jjjiii Ял^ jij ^j (> j tjpuii ^ ^^ic. v^l^ji s jiii 

ojiil L^Ui j . 4 _niUil ojiil j Ajilxil Sjiil ^^^c-Lji! Quad-PSD ii Lb.iic. j£-uj 

jjj jjJI > (Photocurrents) jjJ jjCall >jUii' £-*?> Jx^U. Jl Jaia ^LLa-i cAnuUJI 
j-o jjjj jJnil jj jbjJI £-ал. (J-^L^J Aln jlLa j III cLllLjil J II >Llil jjxj jll > jjJjjJail 

VinLJ 'ij^il jg xi jj£jj . IV ^xjljilj I JjV' jJxJjil jjJjjJail jji Jjl Jl 

(ill£j^VI <jJ ji Jlo iCullnklll йлд >a*j > U^o (Lateral Force Microscope) 

. Vi^jijJjJI dlLuxJlj CjI j-ojijjl ^>axji A f \ } ')\ V <a 11 ^tfalj^JI jl 


^а 1 л Vu<.)VI AajLoi jjJall j-o oijlc .1 a jj^AaJ! ^gJjx^ill jjjldl iijjjia Cxjj ILa 

cj^Ij^xjJI ^ j^Lil -^J'j h» cvi Я 1 j^-uj ^j tillj л j*j j .^jjLvjJI AFMs 11 

1_3_1а . jnLJl L_fllj^jl jc. L LrtSi' ^jVl ‘j-jLij^i tilljA ttillL .L^jS jjLJI Jl.\nu)l Cxj 
(Capacity) ЯдЛ j (Interferometry) Jvlijll JjL ^!.uU 4 JHdl Jjj^ ^ 
^xjjuaj AFM Cil£ . jaS (_>* j l)I La£ .>liii (j jjUil JLiijVl jc. 4 . L : j^ll >п-олУих)-й11 
DjUa j^u cin^j i(Piezoresistive) Ял jLL JaiuJa SiU > (Cantilevers) ejA jjll 

aLVujV Л^ Jjj iSjjVV' <jjVI (>J .Aij^uiJ >Uil LqjIIaj JajjjAil L-ilJ^VI 
jcjj lj-^j*-!' li^i Lq,w"u-i-qII 2uU jil ^jLiilj .ojjoiIja ^_uAxil jjj! j ^U-qI <jl_jji! a £* jUi! 

cjjljld 4 jjjU! cIjIjUaaI! <ijg u.n fijL^jj clA^ (jiJlj *32.V68 kHz ojlcLo 

oCAj .Ajjci! o jiii Usj 4ili jl! a£jLJ! jjjj ^! jjj c^-Lxuiii (jj' jil (Ji^Lk . C 1 jjjll 

^gic. ^bLL! ^аЛС. AjxJa jj jUi! >ilU) CjlVUll j-o JJJ^ AFM (jV VaJ^L-q <ajjia 

jx^ L>ijl ЛС -Lujj AijjjlaJI oCAj . L)UjijJl jjjji! C. ^aCVj-uj ((JtjAi! (Jjjn 

. ^jjlVl! ^J^uJaii 4_jJa jC. (Js! j 4 LalS^j j!i£l AFM[ 


^x-qj .Aijjx-ol! SPM ^iilc. ^Ljac.! jj£! > cxj AFM j STM > jj 

^gic. Jjis jjC. 1 g xs~i* ) jjfL cij .^Lni! jxiiiiVj CjjLjlij j-o LaAjjxj Ljaj! jlxjjoJ 4 tiiii 
^ lc. . I ^^\lci 4 9 ) Л ,\ 1 ^luuii! ^j-ajL-x^. \ ^Ui A I ) i ii j j 3 jj l^ij 4 Aj jj ^jLjj-uI ( J J*n. ) 
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ciiljj .4 j tQjjj^Nl j!) jj!j]I (jJJ C Ал_иЛ juLii] S-^-a! Л VSuil j^aj i(JliLa]l Jjjjuj 

^jui-Q Я -jjg ~ч aS cj^-^ La£ t(Dielectric) JjxJI ciulj ^a l-lujIil C jV 

^LuoJ ^Lj^ll J jxi! jc. Aj*i ja clU jlx-a jja jj (Capacitance microscopy) 

4 ПХ II jjj <L-ali]| Яз1_и1А]| ^XA S Jul^SC SjLujV! L_LujljjJ ;STM JJ^C. ^^lcj . 4 'nx ll 

AiLjaVLj 1 ла .STM Я1/и,)1£ o jj^. jj^j jl Я]1^Л ь'л& ^э ^jLilujLU j^aj Vj 6 ^jjj!j]I j 

(J j^V! 4juijLaix x)ll j Ajjj-aj]| (j-aJ j-sxiJ! j ^Sjj^UI Jjx]lj Д -ijjjj^NS j-sajLusxiJ! ^J! 
(J jA jjjIj (jjj^ -л ^IaVSuiI j^aj .a_uj! jj! ^ji Jl jjV aJoL^J! j! jjJ! j-o jVl ^l jj! lJIja 

JM! ^Li! (ajUII Aiix^ll cjVMJ) SQUID _S! J (Hall-effect Sensor) 

^Jc, cSQUID ]Ь ^_uia]!j (JjA ja^_aJ ^_uia]I 1 Ag jSc. (jilaJj 4 ^jl9ja]! ^ uijLa'lx aS! 

.JIJI 


(Ferromagnetic 4ujLaS»All AjJlijyi ^ jU) j^-ki SjIa]! cijjl£ !i! 

. 4, \)x,S! j Laix aaSI ^jLJ! jjj ^jujLai» aSI o jil! (jjLii] AFIVI ^1лУи J j^Aj tbehaviour) 

^ ujLaix a ^jui -ч AiSuJajj j! c Ajjuiilajx_A oLLaJ Aj^SJa (jjjla j)C. Ld jjlj]! A La'ix a j^AJ S_a^ 

j^Aj ULlJ .(MFM) 4 juijLai» aSI d jil! j^-aj jg -чаИ !лд l-ajxj .(jj|j]l Я -iS-gj 

t ^unLai» A ju! j 4-IaJ aJ fijU 4 , ,,, ,L',i _\l ■ " ,V 1 ■>. _ll . .-,'1 STIVI J jaJj 


Ija .(Spin-Polarized STM) (SPSTM) m^JI STM J JUI b£ 
4 x.Ll^ 3 J_ja. SPSTM — II jl MFM — II J SJj^aJI ^j^-JI (jlj 
4jjuj]Sjj . jjjjjjlx]! STM j! AFM 4_iau)!jj S_i]xs ^jjj\_ii]S jj^jj ujiJ-aix aSS j^jjj!! 

^^Э JUJ jA S_a£ .AjsSuJaj a jg_^.l AiSuJaj j)A jj V cjjVLH (JjuiViSI CjS jiVi jjaxJ ^Jj 

. ^JLi!! ^juii!! ^^Э AJAllxx jj]l c(NSOM) 4JJji]| JS/4 aSS ^J ji^all ^Luia!! jg ~ч a 


(NSOM) uujAil Jb^I J JjJall ^шЛ 5.3 
Near-field scanning optical microscope (NSOM) 


(J JalLl ' 'i W, й j^-a.VI ^iAa 4 *,1 ,VI й jl ЛлЛ J-<i 

- , . aa a. 1 ^jjVI jaJI jl t4_g_a . ул 4 ,. л . _-.-4 jj . 4 « jajLaidl 4 jj_Jajjt ^jj Jll ,**,! -n. j Л 

.(Abbe Limit) JL ^Jj*^ -0.61 A, ja л~> л 4L>ul_yj 4jljn..l jLtj 

(jjxJI (JLaJI jl) 4_jjj«aJI CjUjaII (JLa^. j^_a-o 4 ‘,1 . .,1 *A *, jll 4 q , j L.II j) 
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(SEM) 4_ii jji£]\/ I ^joia]! j&lfl-o ^аЛ Wn tcilE] . jjuflAl] ja 3! (JjJfl]! jiflifl-l jA 
l^_! (jjfL (~keV) CjLj jjji]!JJ A_Jlx]l AflUall C t 1 U J iJlfLall (jifui СЗ^” 6 С 5 "^ >.sb\\ 

. ^JJa]! c-jjJai! CjL^ja ja jjjV jj-a3l CllL^jA 

A. ^ j* JjL (Monochromatic) (jjlll <_$iLJ * jjja c’ nJn jLjc.1 <_$ U 

JjjoJJJ jl 1 g i^Aj Jaia X/ (^-^.Ja]I (JjJflil dllJ AjjJl1a]I ja]I jli И,т II ^Jfljoi ^Jc. j-o 

йЛА (J^jjLj .^jIujJI jg 'SaII JjjjJIC- ^]]j ('\) ж ' Jl cJW-UI) AJjjla AiLuuJ c-LjaUl jic. 

. (X*^) (JjjL cJ J^ 3 (jU, }Яа (JAa ^lc. ^JajjJI Jjj^ ^JajailjJ ojjjl1ia]I 4 VuLiaII CllL^. ja]I 
1U>i jjai^J IL&J *X (j-o Jl^! ^JajjJl j)A (JjL jjjJjIIa jC. CIiLajIxa (JaVi CjL^. ja ^Aj 
- ll^xi! cJliA (jl LJia. j j^] J • CLU. jaJI (jA jjjlIIa]] ja 3! (J jJa]l (_gJc. AiLiiujV I jL-alal 

.Ljajl l‘4Kjui jj-^a9l 4_1 ^.ja (Jl jlal ^Jc. IjjJJi. jli cX (_g-^. J-<JI (JjlUI jAjJa Clll jj]l ja 
(Evanescent Waves) " uU >л" Jxu U J ^>Ш1 ^U! CiU jkai > 

xjJfljjaij V j C(_g-AAj ^_^.ja AVIa LgJ jj£jj 6 J j^rvll \,g УГп Aj^Ia jjc. C1iL^.ja (^Aj 
iiLuuJI £a Д.С. jjoii \g‘W ja fiiL j-flallL j . AjiiiflJI c1iL^.ja] 1£ ^LjaUI jic. j\, JlVtVI 

^£jfl. j^tA ^i CiLjjji]VI ^£jfl. Ljiic.1 IJj ;STM ДЛа. (^i .(A_l\j 10 ^ ij-i^j) 
(^ i» a\I I Ja c‘ i\.*v ja£ j^lflJ! c“ iVi a_i^.ja]I 3J!U! jLiic.1 j£aj \Aiic. 4 A_i^.ja 

Near Field Scanning Optical ) c_ijji3! JL^-Ul jaI^aI cjjIjj 

<jLLa jt\ ji (l_jjja]' JI^aI! jaI^a jUSVI) STMs (Microscope-NSOMs 
j NSO (j* IK (j! . ( ,Ja, Jl J\,“4 a\I jAL^a) A_iijjj£J\/' jA\ *sa\\j JjjjjJa]! jAL^-a!] 
Jjxjj .^Jajoi]! (jjLuiflj] Да jjLJ! ^Ci^. j-U! <JU] £jjxu3! JjlflAjJaVI 4j]c.\i ^лУи j STM[ 
.dilij jSSiyi e ^viuj STM J diLjiji]! e ^viuj NSOM J J\ ^^\ 

^Jfljai]! (jA !.Ifl. Illj9 C. Lil\£]l £-ufl J 1*4 jJJ AjL \ 1а\с. ;STM Ajjflj J^jLj. (j A 

(jA j Л1 а Clfl.ji9l 19 ^jI ^flj <JaL^.jU Д_111 £а\/' йЛА (j]j • (^g-lujLi]! <L^,ja jj^AJ cULaiAjL] 

c__Jjai]l (j]j .Jfli9 STM jLj.' Лх1 <x9lj 4 q j*v CliflJx-fl! l$i£3 c( 1 928 ^lc.) ^JjjJa 

(jj9J (jAfl-A xiluflJ i A-ufllfl-i! Aijxxl! jjJal ^J! AaJI» aj Ijxj JjjJfl]! Jjfl.\j]l ILa sljj 
CiliUj CjUooiU! j q '••c - ■ ^ CiUjaj (j!j !ла .<jljtl] a jjjt . 1 Ja £_л 

il ^ljlHl ^xJ IjjlallA j£Lj 1 Jax ^ Cjjj •!-&■? 1 . jajl ojlll fijlji! 

•AFM — Slj STM 
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^Jouj > !л> UjjS 4jlgJ Cj auuaj .f j-ua jAu^a£ ^лУиаа >jua lJj] jui j 20.3 Jiuil! 

(J. Hwangj L. Goldner > 16 >) .41*1! 


Ajuj^btjVi 4 J^t J jJ Ц| L_JJjili JU-Ji jc. L_Lioi£ii ^sJJ ji j£-aJ (jj^.! 4 j^,L j-a 

j^-a-all) transmissivity AJlijjV! 4_кхЛ jj jl c(<joij (. t nl>'l ^^Ic. L_Lil£l! j j.^*' I) 


djL> ja jc. ^aj Ajl Lajj • (а!Ц j ^ 'm ' jjljl qj-a'l jjjjUJ! ^ic. L_Ljl£l! j 

LiJjjJa lic-1 x^ia bjjj! fijlc. jjfLl NSOM ^аЛУииЛ (. LjlH! jli 1 4 >t U J J-i j» a j jfr^ 

Charge-Coupled ) ibuill jja jl^ J (Photomultiplier Tube PMT) 
l_LJiI£ 1 ! jj^ ^jj . 1 g 'j> x*n j^-aj A_£ll ji ^J! jxja'l ол Л (Jja^j (jil! ^(Device CCD 


£$! jl! jA (jjuajll (J*i>a'I .(jjxuajl! j*i> a" Liu.ia'1 c_Sjlal! £-a Lj jxuaJ ^jjjJal! 


Jc. -lcLoiJ л1л. (JjjIj (JSpaH j^V' Sjial! jjfLj 1ЛД .(JjxuaJ L <aj' j! ^>L>j (. Qj' 
(J*i>a'I (J-all ^ 'Laj . ^JjUll CllL> j-a JaLjjlV ^Jajail! ^j j£-aJ La L_1 j^! jj>a'I (Jx> 

•NSOM 1! ajLjjuj! LujLuj! a vl'I ^> ^ л. w>uj . ( 4 Vi^'l) (JjjIjI! Ajl^j ^LuiuAj <. j^*_Aj 

nm J! j^. (^j Vjjj cllijla jjUll j-a CIiUa £-uaJ jjj ^_>Л jajII 4 Viq'l ^>*ч ^ j! JJJj 
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.AFM j STM Aibluol£ ja ciboul NSOM — 1! ^jliLd jjj .50 


.^JajuoI! (J jla ^Цс. ^uulaJj (_£ jx-sajll jjl^-xJI A_ilaxjJa j j£^l! L_Jjjjl iSTlVI _jl_jC- 


£a NSOM il 6Jjj-a JaJJjJj .ajjj-xall dj\jljj£ ^^JjjJall L Q /jlHl ja jal! .W'tj^ij 

M'taA j-aVl I Ja jj .(UllC.b fil_jj (_£jl! ^JajaJI (_£^ ^Jajuiil Ajjj-xaJI (__)-aj\ 11 

.<L^aj>Jlj <ljl*J! ^jiaxjJ! (jc. l <ал‘)^1 1 NSOM cj^^j ^АҒМ j! STM jc. 


. ^tAi-'a Jl ^uui^xl! L_JjLaiV! ^a.W*Uii J NSOMlS (j-Q jjj-allj jjj-al! uJljA 

|ja Ljjii jjj-xaxJ! £uJaj ^aJJ LojJC. .^20.3 (jSxiJI^ pjjJail jjj-a-c£ L Qjlll (jjlj ^ajajj 
^ajj tiilj j*-Jj .^Jauil! £a l_ix9 ja (Jc.lijj L_S jjuj ^lil! Jb ^jji^ji! Clll_aj-Q j)li C^JajuJl qa 
Ajlgi ^lllj ^(_£jj-ajl! jg 'Nxill (JLa) jlx. (_£jj-aJ ^aliaj (Jj 3 (j-o ojLJjy! plilil 
.Djjj-ai! (Jj^jolJ CCD Ala-ui! jJ Lojj PMT 4 J-iiiil jJ Ц! L_flUaAil 


^x-aj . c—fl\ L iaII AjI^J (_^э <jLluiVI jjaj (_£jl! jajV! (J-oLti! jA 4 Viqll jj 

4 V*iq\l (JLLa. j)A jUli ^.jjJai! ojjai jV бЦЦЗ V Li ^j 4 V*iq\l j-aJaj \ Ti^aj V tiiiij 
(jj\j (JaC (jl£mJ A-IaAVI (j-Q ccillj^j . J^ (J^jIiJ (jjaiajjjoi (Throughput) (<Lx-aaJ!^ 
ja (Jli jl (j^-GJ ( c_jj! jjuii! j L_jjj*i! (JLa^ (jjl! (JaIjc. ЯЛ jV A_illc. Sjj^. c^j 

(jj jia jC. j! ^LiAJ^l! jjaVJI jj jJa jc. Laj jj! jl! (Jj£-ujJ j^AJ . A_1J juJail 4_Lx-aaJ! 


<Ajp. ^a! jiiJ Ц ^(Mechanical pulling) ^Ц^ЦЦ! ijaxdl ^ .^ЦиЦЦ! ijaiJI 
c." i,Kj is^ ) ^цэЦа j ^ ^ Ц1 l>aj ^ (jA JajuijV! e- j^! (jjL\ jjJ 
ojA (Ц c^^uaJ! jjax j iaJauuiA (Cleaved end) Я^^дАаИ ЦЦЛ jj^jj .(JL-aajV! 


L^u aa i-AAj-saA ta u.i Cllljj! jSjjjj IjA . ! j>a oAWa 4 V*iq\l j j£j j cijjjlai! 

(jliAiil! S j ja. (J!1 aj (_>Ц ^SjiISjaH L_iauuii! 4 Lilxi! jj (Jjj! ji! ^Luiiiuj! jj .LjLaj ojjjauii! 

£a LjLaj^ A_ia.La.jl! (j'iljAl'l (jlL«Vba .(Mechanical etching) Jb^l 

uj*=- |j|j . JtVI J (Toluene Layer) uj>jj aLL ^ (HF) u^jja^JI ^jjla 

jjSjj ^jlc- U ji"ic.I . jjjl Jj/HF (_gjjJI Ja-oJI Aic- (jjljll gK Jjj . „ ‘ (J jla. ^ J . jjl]l 


.Дх -Liaj Jl <Li3J 30 Jl j^. joj jjjt'u.; , ajjjjjoJI ^Лл^.1 jla ; Л ^l^LI 


jj£jj ■jjjKall <jl^_i]l lac La (j-lxjiJ . 'а,П1 (JjiIS (>L . J J , tjjjljll (J K .''', UtJ 
oa^J (^giSj Uij Ai^. 10 7 Torr ,» 10 6 Torr jjj ^jl jjj ^l ja (_gi ujl j^JI j j-L . j'i' 1 
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^aJJj . (JJa 4 V‘iq'1 jj^j d J Ajj! jj (juljl! ^ £.jUa]l l_11jujjj L_Jau .djjjJjuj]! 

btjUjJ ‘-IjUj . (^l! jiajaiV 1 ^-Lajuil L_JJjjJjj]! ^aJJ L** J-QJjabQ (j^ulj L Qj\\l ^>JJ 


(jjQ a^Lajoj JSl ^jLU]! jj£L (jl l_±^,jjj U£ .(Jjj!j] 1 s.j\ia] ^jjjjUVl j! l-jaU! ^l ,w”ui 

f. ^jl jj (jLo LxjLuJ (JJJj] 4-jl £-Q J . dl! JJ-Q jjlj]! (jA lLHq £_daJ ^gJl ja. i (jl jHV 1 (JoC. 

.LjUj ^LLq NSOM -J (J,jJj (jl VJ <AFM 


nm (jjj ^jIjjj AiLai^ ^^ic. NSOM (_>ul j j! l_l^.jjj <j jkl a-j^U j-Q 
(j-Q (Jil AiLuiA ^ic. j c A m 11 j-Q (a Viq]l «. s'u/1 (j-Q (J-qLc. c’jjlc.J 50 ШИ 10 

Ajjjaaj]! (j-=aj\ t.-oA. 11 L_fljLlkl ^ijJ j^-oJ LS^” ® -AjLiLujVl -l^j A Viq]l ^>а>а>. 

(jjj AiLubJl l” nfn ^aJJ lili .NSOM ^-Ui-Q (j-Q \,\ ujj Ад -ujl j AijUa (j-QjJa Ajxi J-Ul 
Ajjj-aj]l (j-ajU-aai! (j-o^JU SjLuj! jL-ojJa L. \я j>-a\l (j -оЭ (^J±joa (J5dn (_>ij]!j AjjxJI 

jc. (Jj!j]1 л» \\ (j-o! jj-Q Aj£lj (Jajjui-Q (jj Ui ^i! NSOMs ^l'Wi tL_j\_jjuiVl .^iajai] 

^Ju-aJ ^^] NSOM JJjUj jl-QjJa-Q ^Э (jj^.1 ojjj£ Ajj*u-a jj-qVI &ЛА (J^juJj . A, пж,\1 
iijjla]| йЛА j-uajaj j^]j ;AjI jj]l ^^Э A m,\l j (jjl j]l jjj Aj'qq'il ^al ,W‘ui j^-ojj .o^ji-Q о!л! 
Ail^, ^,1лУи»1 jA jdaLail l!j3j]I ^^Э Ic.jJju) jj£VI L_Jj1ujVI . A\j.-oj-<l] 1 dj\, пж,\ 1 ^ic. 1а^Э 
Lix3 1? .Aij\j Lgilijlj A пж \1 j (JjjI j]| jjj AiLuboll ^ic. й jlaJjuil j -аЭ o jii] *jjjj-o]l А-зЛхЛ 

(j^Ajj .(Cantilever) "^li" _£ NSOM ^1л^Ь dllij cAFM ja 1ла 

Lq£ iAiljj]! a£ J jiil ^al ,w”ui jA jVl Icjjjui jj£VI j^lj ^PSD j jjj] i-oja. ^l лУи J 
L_J Jjj! ^W'luijj .AjL j]| Я£ Jjui! ^gic. Jjjall (JjI jl! 0 _jj£jj ^aJJ .AFM ^э ^ Lluiilj 
(Jj| j]I L_jijijj l1uj>-j (Tuning fork) Ajljjl! A^jjjl! aj\iy "^j^jla" ^^iaxjJajj^ 

^ic. ajjiaj L_jijii]l ^Lujj! (j-Q (J£ -IaJxj .A^jjui! jjjj JJjj AjC. Am,\l ^Jajui Lj! j-q 
^Luul (juliij . 4 m \1 jc. (ju!j]l Лди ^gic. IAjj^j -1-oj*1 ^j]I t A m \1 j (julj]! jjj j-aU! 6 jB 
^Э ^-л^У)\1 lu/i (jjjla jC. ^jc^ja]! JjJjuia]! .lic. Ajic. ia^LaJj ojjJa j! L_jjjij]! 

. 4 m \1 j (jil jll jjj Auj\j AiLuiAJ ialia^Vl dL ciijj]a]| o^Jj .oJjj-q] 1 Aj^xill <а]л. 
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Summary 


>>» 6.3 


i jjL-a ]1 I 4 _ 1 uijjj j j ^.1 j* g /alaa х> 1 ^ ^jujLLI jL- 4 .all jaL^-g jj£jj 

. (Jka'sll L-JJjijjll i_illj c^-ujLLIj 


jjjlaj ^aJJ LoJjC. JXqjj jl j-aLjj SjLa j t <jlaxjJa jj£^ ojLo jA ^JujLa]! ^ U^J 
j£]j jL^*iVl jj.lJ ^Lnjojl £-q <L£j^. j3 jJ jl j£-aJj . 1 g jlc- ^^Lj^ (JL^ -л 

.Д -Ljla AiLaiA ^ic (juj] 


^ij <Juu]lj ^^_uLa] 1 jj^ 4,‘m 11 Ljjii (J+U*'*vjll jl^A. juAll L_JJ j5j]1 Aj] 1 £_Uaj 

CjjV .jyi liA *bV Wi! <jJL I j-al \ g ^jxu-aJ ^jbjj . Lg_Loi£ j£-<iA ajLujj 

.AluLlujl lULIiaII AjI^J j tojl jiluilj jg -ч^И <jL1a jjjj 

1 1Д> ^ Q . 4 Л^. Ш ^JajJl j^ajL-iaa. jjjjui^j] 4 qL^. a jjjjoi^j t. ** i > Vq \ ^l ^Lj-ujl j^ i 

STM ^Д j .lc. jjLi jj^VI ^__^Д UjIjiVi <j^jL 4_*_^1j-oj 1_1аЗ t(Jj-aLl 
— 11 j c^jclij]! Sjiij SFM — 11 jl AFM — 11 J c^Ajjjjj^IVI j-ajL-o^ll j 

.^AjjiuajJl juijI i -o4l l) NSOM 

^gic. jl Sj^-a.! ^Ljjj ^-LxujVI (JjUtjl Luiajl ^_ula]1 jAL^-a jlVuul j^-oj 

. jji]l juLiLo]! 

NSOM — Uj AFM j^-ajj .iaia <L-aj-oll ^ jLuul l jjjj^aj STM — 1 j^j 

4 4 n t ч 1 ^ j i'q^v Л 4_Jjxj-^3 jX l La^_1^]j » 4_L-a j-Ll j Ai jLtil jiajuil (J^ j^ i 

.Ajji 


Questions Jjlu-a 

0.25 in AJjJa (_jill PZT-8 Jai_ ja му ! STM ^ juLo *1ь . 1 

J-iLa La .0.020 in » J-ia. <£ Luoi ^Lj j 0.25 in uj_jfjbU ^^jLiJI JaUI ^ Ljj 
jJkUI (jjJ JJJ^IVI (JJJ 100 V 4_iU j3 (_5 j 2 (jjjlaj aJ I j| L_ljijVI (j_aLjj 
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Lo с0.2 f j j"u*r> ‘ll J-QJ dj\ jM] tSTM Й (j-Q AjjJ Sjjj-sa jLkll J 

^Ic- Jal q^kll ^Ja*jJajj£^]l L_J ijjj^l ^^lc- Ai±La-<Ji A-iiljili j^jUa-<JI ^j_istlili 

?C1 ijIj ^iijjl 


jjjj A_i^i jd]l AiLuixJi J^i . J^Ji j j JJ^JV i ^ i jd ^»1 Л Vutilj jj 3 AilJa l_Jjoi^.I . 2 

. ^^.ajjS L£ jLui -й ^Jc. jjjj£JV ^^g-^jUi (J jJali L-jLoi^. ^jjjla jC. (_>J j]lj 4,'n* li 
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J jjLUI jjjjill A-uj-llA 

The Geometry of Nanoscale Carbon 

^ ' jJuUjS CjJjuU^ 

i(ijjjkjil j| ja!I j fLjjiil 

.UiLiL cAjV jJI AjI£ cLuliluuj AjVj Aju»1^ 


4 4-iijjJ^iVI J 4 4,J jjll j^gjl t/i~\ 11 ^^Jaiu L_fljjuj ^iL^jUI (J jj-iaUl jl LaJ 

1 g'n'n Ajjlaj ^Jc. j£jj J ^Laili -л j^.1 ^ -ч ').a La ЛУТи *1 4 jjJj^U AjjjlUl ^-nll AJl&jVI J 

^Jj (_£.jjj (l*^?> SAWxJl^ ^jijal J^Jl jjJj^ 11 ^^-aALolJI Jajljjll Д-иЛ^Д jj . 1 g"u*i.Ti& j 
^ljil £-q AjjjLlll jjjj£i! AjjjI JL^VI J^juJ! JaJJJ ^jll ЛС -IjUI j-o <JaJjaiJ Д-С. j^~y^ 

. lg_Lklj jjJj£JI djlii^. jpa 

Bonding LjI 1.4 

j 15 1 jjjlUJl £(JA ^aJJ <]jj*-<Jl jjJj£]l Sji .^Jjlc. JJC- Jx-ajc. jjJj^]! .ixJ 
jj-aLc. .1^.1 jA jjJj^ll j! LaJ . (ls 2 2s 2 2p 2 ) J£Uu jhjjSji 2/? <JLiJ! jjjjjj^ljj 2s 
L_iAj]j^ jjX^ jjSlJj 4 1.1^. OJJ3U-*a 'j jjJl jj£j3 4ц^ jj Л J jj^Jl JjVI 

^iUa jl jfib'l Ulc. 4 JjILJ! ^i 4 jal£j]| dj\j jjpfUj *U ,* ./iVi ^ill (Coulomb potential) 
ciiUJi jJjJ t <jjj J jllljj Л- .аЦц Lajjc- . | ] /г £л jjijj ccojljS 

jj. cjl jl 1л Ц 2p j 2 s Ц j-il jljl jl — Л Jc. s^jjUJI dil jUI <jJ^ll 

( *’ Vincent Crespi, Department of Physics and Material Research Institute, 
Pennsylvania State University, State College, PA. 
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(Antibonding) Jajljjil e^LJa-o jl t(Nonbonding) AaLliIJj V jl JBonding) AjJaJji 
LeJjc. Jajljjll djJaAj . 2 P J 2 S JaJLlJJ ^jla jl лла J . A ■. ^jl^ ^ L*A Ja 

Jkl Jjj <■ - jja. iAjjl ja (jJaLla Ajj jJjSJVI ( Wavefimctioil) Aja jaII ДЛЛ AjajoJI AiUS (Jiaj 

* 

j3 j .SjjI^aSI CjI jill (Attractive atomic potentials) j jiil l-LIajS c1jLj*£ 


jjj й jjoiLia £iJj (jLll jjaJ! jjjSSJVI 4 W x'j q jjl-4-all CjIjLII jjj Jajljill CIjI jl Ал 

oJa ^g-Ajqjj .oAuj jj£V! jj^JI ILb <1 A.Ijl1a]| <ajiS dLJLdJ! jj-a£ ^l jj jjfLj tCjljiS 


dijljall Cjjla. 1 u>>i Ja 4jjijSll Л AojaiilLja ttilli .(g states) o CjVL^j JaJ jjll 


j£oJ jjjjjLd-a jijjb jl ^ jjjj^iyi 4 WLuj cA1j!>1j doalij j l jjjp^lVI ^Jj^ (jLo) Aj>rtUriVI 
jaj ^ Al'q'ill JaA Clldjj jj3 jJ-al j-all ^Э 4 W AII jj (Jbld j-o S jL Uajljpu j! LxJaj! 

"LnjU." Jajljpj jl Л 'i^aj jjjjil! jj l” п*ч j .(1.4 JL^ll) 7Г ^a . ujj Lq j! tdljLl! 

ca jjlVj^ll dljLl! jjj -LaJJJ l£“^I ^gAc. IjJ j-^c. Adij ^jjl! p CIjVL^. ^lAadub Ljaj! 

.cLuV! AjjLu djlijia j^ SjaluiA ^g-jjj Ia^ Jlc. (Anisotropy) ^LuV J^L jl <j£-u ^iSj 



.% Я11а ^ (Dimer) (*)jaj.j j jjjil 4 КЛИ1 5il!i£ 1.4 JiuJ! 


jj^J jjJjil! jj^aJJtl aJU. CliiSl jaJ! Au -LaiuJaj 6j! J^. j-o Ajjlc. L_fljjJa l” ) V) 
(Graphene) jjalj^J! ojLo j-o AjJjs dHjLa j-o dualjaJ! jj£Jjj .Я£!_1а LLjL L^j3 

l^_j| V! 1 g kSl* } £-Gj ^ljl^L <Jajljj-Q AJjujIAuJ jjJj£ CijliL. j-Q lg '\A L_a]\jj 

dLuVI Я_ u^L ScLa ^gi (Loosely) jjc. J^jLj 4 




uL — Jj-ajlij) t-T C-La AjIi^jjJjA <lajl JJ ( j>i» <\ l 


«■'оя JuLAl 


> jjjjj j-o j^£-a ; jajJ 


.(^x^jIajI) (jajIj 
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iy j X (_£ (j-aUa 4 _^_^.ja c( 2.4 (JS xall j 0-l^.lj jj 3 l j^. AAlla J£ j-ojJa 

(jiaj (j-ojJa ojjL^-a Cljljj C1l1\j £_a ^al£^Lj I_£J3 jjJj^il Cjljj jA ojj (j£ -laJJjJ 
Jajljjll ->g k\j . jiaxjll 1 g isi* ) £a 1 qj» >.s-j Uajljj Lj^xj C1jIjj1iuia]| оЛЛ Jojjjjj t(jjliuiA]| 
o^lj а1 t jjalj^JI jbjc.1 Vjl s-i^jlL ci*-^l l£ 4> (In-plane) ^jUouJl ^ .s/? 2 
C1jLj£1jj 4j^\j (Jj^jujjI UcI^j! cLxj jl Lg_i3 2p y j 2 / 7 x 62.? C1j1jI.1a]1 Jajljjjj . djjal j^Jl 
cIjIj^Ijj]! dJa (J£2j j •(‘ф 2 4^^! с1з^Цк liA jo) oJji^. 4_iUk (Superpositions) 
c jJ jo ^ jUJI LS^) Ma'i ^ W Jli j-o (Lobes) (_>йэ jj>-o^ Aj^Ij o!j.1^J1 j 4jlxk]l Aj!>Ij]1 
йЛД (JS Лп •> J JC (_5j1iuia] 1 j-euJa 1 g ж 1 а~ч 6 (jja* Jl 1 g i-o» J £a 120° L}1 jj jjJj^i! 
<>2p z J4^\ j!aa]I (jkljjjj .ojjU-o jjj j£ Uj! jJ CIlIIj ^ G Jajljj LjC*j ц-* 3 j*-aa3l 

(JjSriiM o jj\,>aI1 CjI jJI J 2 Л CIj! j!Aa]I £a LSp^ Jajl jj (_£ jJjuia ^^^-Ic. Ij JjaC. 4_g_^. jMI 
4 Aj]iud]lj Ajjixll ^ jlajoiil ^Jaxl o,V‘iaa (Sheet) 4 -kjL-aj 4 g \ uHi Jajljj 4_]U. 

<ц_^. ja ciul£ I с! jj£! AjIIxAj ojjL^-oll UjIjA]] 2p z UjIjI^a (Overlap) (J^.!cjj j . jjal j^J! 
.LaLaI Д_а_1ал1А jj£l LaAIc. IijM! LgjSLLa 4 "\jL-o\l jjfL iUliLi t4_uiil oL^VI 


tdjl jL]l (jjj (Jj-alAil ЗаЧИ (J jla ^^Ac. (_£цЗД1 4jJ^]l UjLjjaSII (J^.1Cj jl LaJ 

tilllj jA J3I ЯАИа g UjVUJI jA Ajiiulj]! (Electronic Bands) Ajjjjj^iVl UjlAUajli jjfLa 

.71 UjVLJ! jc. A-ajklj]! 



181 



JajljiS! CllULja-o l^iljlaj ^Jj AiU-aVU (71 CllVLaJI ^g-laiu (^iljS! 
diliJjj тС Jajl jjll CjI jLja-Q CjVL*.) .UjIjLqI ^^Jc. ^jja AiUa 1 7 i (Antibonding) 
. ^AjiiS! jja! jaJI 4 ^JjALg jjc. jj^ij CJIjIjUI Jjiij] Д -iSlc. AiUa CuU 

jljj jjJ jli Cljlc-lij jjj ^j j-o j-o <jjoili jfcj d j^> A qj» ksi Cila±LJI jjj djlclij]! 

Z &LaLV! jjji^JV! (J^.1 jU Aji^JI iLuVI . £ dUjVI ^i dili jji^JV! j^jjai ^^c-j 

. liA ^Jj-gjjia jj£ i jl dlJSlja-1] jjsUI j-aljjll AjLkU! JaLuVI J 


jUaj Sja^ jLa-ij ^Jj ftilc ^^-aALoli]! JajljUlj ^Jji]| AjjU! CIiLja^SI (JJjJ 
l-iia. Я1 jj-ai-Q ^jji AiUa diU jjjjd-Q Л (j^ji Ajjill diL j-a^l! jl £-a j cSjjj^ (Bandgap) 

ja ~ч 1 (_£jaJ aja J-°Uj <*_lUa]l j! V] (CllLjjJ^SVI CljliUaj jjj jjj£ jx -оЭ ^Jjj 

djUjli^J djLUa Cj^U *Uajl JJ-U! sp 2 Ciljj jjJaai :U-aLk Ujji jjSljaJI <JJJ ^i jjjj£]| 
jjjji £-a A^l^ (j! jj! nk cJ^Uii Llna-i ((Three-Fold Coordination) 

7 t j 7 t jnlLUI jjj jj-ojV j! 4-iiill оЛА jc ULjj (jU! jj-a£i] j£-oJj . 4\\*ь i-j^.j (_U 
jjaLkil! jjLAj (AiUa]l (JLa -л o! jUja]I ^Jc С5^ ((^g-AJJ^ LS JluiA Aic 

V ^UVlll j! LaJj •f'fej-Hji -lic jiaxU! 1 Ag x iix )) Ь1лЭ j^\, n 2/7 z C1 j!j!Aa]I j-o jjKUlAll 

V ^J j ( (JjJa^V I <_5-]U]l £ ^5-xU! lU- 3J 4ili c jUaj o ja-3 $. Luljj j^Lk j-o AjiUa jj-ijVi 4 j^-cn 
(JiujL! ^^JcVI AiUal! ciili Я] jaLU! CjU jj£]V! cijliUaj (Necks down) Jjjaj j-o 

Ljc (Я! jj*_A AjU jij Jalij j-Q Дх. ja~n a (CjVL^J! j-o j^-o-Q ji-ua! ^7E CllVLaJl^ 

jjj (jkljj]! oiUj] L*_a L_JjlijJ jjJjil! dllji jli ttU]J ^Jj AiUiaVU .^g-AjjS AiUa 
^gJc. 7t — S! j 7t — S! ciiliUaj ^jLk jUjjj (jkljjl! IJa .(Interatomic overlap) Cu! jiS! 

jjl£ .4 'iU<a AiUa ^Jj <]jAUJ! JZ CllVLaJ! ^JLSL ^i-lij (AiUaS! j-Q J (JAa 

jja! jaJI i-a j . Lq Lc.jj Sjji£ ^-ajj 3 AiUa ^ic. CuUjjjilV! Acjjjj ^iu-ajS (^jjl^. 
£-o j.A*_A jg -Э I (Jj-a jJ! L U-a*l cJjluJlj ^jLx-U! (UjluJ! jjj (jJjLaJ! JaiJ! ^Jc. 1 J Vi 
jUaj o jai £_a Jx-ajA l U-V j (Vanishing Fermi surface) ^U2 >U-q ^-^jja 

. (Jj^liil! j-Q Aj j-Q £-0 A_lj J jj^SV I A )*1 Jl 0 La (JjJ jLuJ! Jj>-aU! C iuaj c s JLJ . 4jjajU-Q 


J jVI <■ sj-iU! 1д jUujj! 1 g uAj ^j jjjjiS! ajiS ajjLa-UI di! jiiS Luaj! j£-ai 

Jaia jjjjil! c j^Sj .4jji 7t Jajljj Uj£j jl ( ji^. j jjjil! j jjjjJ!) jjjU! (JjLaJI j-«a 
Jajljj 4juj\ JaJjJaSU A-ojLj t jil£j CllUjjj^]! AxjjV A^bU-o! 1 Uj) Aia-U! j£j-U! (Jia-l 
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AjjIjj Л\\ iS .li^.j]! jaloiAll l_i£ jaS! jA jjij£il jli ccii]i] $4iix-o <аДа]1 ~ч I (Bonds) 

(Jjjul l_ llLl"n V 6 jjJj^i! JxlSc. ^^ic. t jj^. j jjjjS! j .ьХ\ЛА A_1aALo 1J Jajl jj U-*_iV! 

j^ ЯлЛс. ^^-lc. N 2 *(_$ (Triplebonded) -Lj! J] c b^j' t-Liljj <L£LS 

jjjj£ibU jj j jj]| .Vi'iqj i jjSxII cs^ J •6' > '^ <a 'l ^ -jL-oll A_i1jj AjjI-Lg cULj jljiluiL/l 
Jajljj £-c йМя a jJ£-ujJ l^-jj Jj N t 7t — <Jajl jj ojilubQ .yp 2 A-jL-o (J*-4j ^-jl jll 

. j£ ja-c ^ЛлИл 


Dimensionality AjjUjVI 2.4 

e^^uui ^jl (jLc ^UjVI LjjLij jjaljjJ A^-iL-sa jlj iaJjJailj Л \\я \ (jiil Lc 
AjjLnll jl .z j y ix lIjIaUjVI ^ (jjL-s э — N ^-c t jIxjL/I ^jii^Ls ^j^ -л t jLl 
^ij Ajjuiiilj j . dililla j ja£ ILjjl Sja <]Luia л II jjal jjJi LSLtiil Aj^xjSI 

CliVU (Jj^juli j^AJ 11] S'LLjla lLULuia] 4-ijj]l .V'ia'i isp^ (JjJjuia]! jA-ula ClilALajiVI 

(Finely-Grained LaJI AjIc. \g 'Nl и q\"i-L a 4_i^. ja Jl jJal ^a ciiLjjj£L>Li Д_ 1 а ja£ 
JaiuJall (J^juiII jA .jjaxjll \ g _i jc. (Spaced) jic.Lij]| ^j La£ .Wavelengths) 
. jjj£ jj^. 1л£д jaljj .ijc. wavefunction 4 -i^.ja]! Я]1л 11 ч_ 1 з\_и!э! *j^.l j (Node) 'o^ic. 

t jLuiaj 0.3 nm J! j^. 4 I л^к aLi3j j jjs! j^J! <^_iL-a t jjLuia ^Jc. Lj jac. t j£l j 

Sjia jjj^j cLuiLuil ^ 1 » j Lo jAjj oUjV! IIa aj^jaSI aJIU! ^i! jjk! o^ic. 
ЗЛл11 1.1*. Jlc. (Curvature) j^jiS £-^j 4 (3/7 (j jii! <_$ jLuiaII (Excitation) 

Ajj! j^JI CllaUa]! j-c jjj^ J Лл -i! (1.1^. ojJJ^ LsUa ^^-Sc. cilii j jiVn ^JLilLj c4j^.ja]! 

. <L^.LSa]| 

jxs лЛя1\ J_^.jU! dili jLuV! Lijljj ^_Lj]I (Jj£juii ^^ic. jjjji]! 'jj^ jl 
.<jlij]|j jjLjJI ^ic. ^ ojjjiS! j jc. jaI! L$j\ q 1 i)-a‘il ^uuiLui! ja! jA J-JLtillj j! jiluiV! 

jLxjL/I "LiiUJ jj^lj^J! <^_iL-£ 3 Ajjjjji \ ViSaj lil <. jU-iVI (j]^U ^llc. ^ (jjjxj UjV ?!iLU 
оЛД , jqjjl AiUal! AqK'j jl .^^-ij]! jA Ij^. A_nc. AJjIc. jjj£S A-iij ClJLi]! Astji! ^ аЗд 
^Э jja'i jjJ j-o 4-iS j^AJ lii tAjji Aiila jA ClliSlj^J! I \,j uj‘i S JJ» 1-0 ClllAjjuiii! 

^Э -LalljjS! oL^jl ^^Jc. (jjj-cC. ^! oUil jl LaJ . jjj£ (J^jj (JjIiuiaS! ^^Э Jaj! jji! (JljJa! 
jA V ^J j C<ljjujlS! jljiui £JJjJ ^^Jil ^-Ij-ujj *LLiN A-ajbUl AiUaS! jli ( jj jIiuiaS! 


aU^b ^iLqn>n jjJ! dija! jUI Jl (acoustic phonon) ^^хЛ\ jji jall ULLU ^ uJI jj*j L^J 

.^^gJalji! ^^g^jASI Л -\"\aW ^c . Lj t." ГпмУ £ 
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AjjIjj jjSl j^J! 4_a_ liu^a ^JjjujJj ^J ^aJJ ^£1 CLllljll AjljII (JLlx'ui l jj^L) V. ‘<lf\ 

j-G J-a\VJl j-0 AJ V 4 6 jailui-Q jj£j tVj! ?^LqjA^U 0 JJJ-Q ^^_П ^gJ C- (Jjx-a^Jl jLuV! 

jljLjL tillljAj .Ял jJLq A^jix^a I^a t_il ja. ^^ic. (Dangling Bonds) Ajbi-o Jajl jj j! 
CjIjJ J!Lq JjjLi-gj^ CjIc- j-q-4-q ^Jajuj! jj J_Ji!l-<J! Jaj! jjl! (Cap off) aJI jL Lq! : cillJj ^Lill 

^З .L_a! ja. jjjj Ailx-o 4 -sjL-a V п*ч \ 1 g <maj (Jja. jjjj^il Ajjj (__aL j! jj^jj. \)g,ll 

!-ljj 4_S JIUJ j .Ailx-Q Ajjj 4 Ajj\j]| j ii-ajji-Q Ajjj ^ic. (Jj-u^aaJ! ^sJJ ^JjV! ^JLaJ! 

4,иаХ\£ II лс.1 jil! jV t(Fullerenes) dAjjjJ jil! ^umL Ji jjx-U! j iAilx-UI ^g-nll <Lilj-Qj 


. i_a. j'jq-a\l ^^^_п]1 iiili£ (J-Qjujlil <]j^_uj IaaiAaj j£un aJL^JII бЛА ^ii! 


Topology 3.4 

<jjlj jjjj£ 6 ji (J£i j! jA jjs! j^JL Agjuj <а1*_л л_ш ^^з jjLuiV! . lUa'Lll j! 
j! jjJ j-Q lg х*)Ч j ^ic. J jJajl Jjxj Ig L^L 4jjj! jLj ib jjl *4 -q\I CjIjU! £-q -LjI jj 
j-Q A^J-uj 4nlaj! jj ^g, Ix 1 Lq-q 4 4_l^. j] jJ jla (JjLubQ (jLoJ Jajjjui! &ЛА jj . Я Д VL Jaj! jj 
Cj! jil! JaJJjj LqAjC. 1 g L'q Vl ^^j]! -^Jji]! L^.j]jJjla]! ^uJaj . Aj\4l j]l ju^aljVI 

(JjWl jl 1 'nWj iL^. j] jJjJal! (Jj\yj jjc.j .<а!л_л Ajjj J_aL aJ jg-un Ll-q sp 2 ~ Jajl jL 
^JsraJij .Jajljj]! бЛА j-Q L! jjui^j ^ai Lj! La]lJa 4 ^jI^J (J^juJ J_Aj juia Jajljji! A^Jui j! 
L^jijJail jj^Ia jli $iaj! jj]l CjLLuiAj Jajljji! L! jj jC. c__Ajxj ЛЗ \_л jLjuj Lnic. 

. cll! J ji! jjj Jaj! jj ^ j^. j ^ЛС- j! j ja. j jc. Jais £jL 


4_a.jVI ^Лл11а11£ sp 2 — Jaj! jjj <а1*_л jjjj£ A_nj (j! ^i jj^ajl! jl 

J^j ^Edge <iLa. ^ <Jaj| j J£j cVertex <^э ^ jjjj^ £ ji Ln^* ^(Polyhedron) 

Au^jVI ^Лхл -q (J^juJ! IJa Jjxj jl JajuuJI jjajilj .Au^j (J^uuj dlljj j уъ <ilx-Q 4 а\*ч 

J-lc-j uj! jaJ! ^Лс -J 4A_a. jV I jjc- jjj (Universal) Я -qIc. A_ixjaLj Я5Ь1с- 4<juiij ^gJc. (Jiijj 
6j\_an! j£-<n (j Ix-o Au^jl jjxn-a Jajmjl £-q l-ln j! 1 jj^-aj iOLLxl! &ЛЛ ^Jc ^jJ*J]j • ^-^i! 
.j jj-iab dilji JiLjaL LcLj A_nJ! jjAji ^gJLJLj t(Tetrahedron) A_ajV! ^c-Ljl! : jA j 
l^£uj (J£ujjj V jjjjii! cnlji : jAljJ! CnSji! Jais Lia-jijjjJaiL jj-oj^-o Ln! j^Jj 
jA a^jV! ^Lj jli tiilii ^х-л .!.ia. djjj^ Jajljji! Lj! j cnLbjun jV ^a^jV! ^c-Lj 
V jji jj^! j j^! i_njjj£ A_aj! un!^j*n-o] ^uJaLj]! 6-Ln]] AnxJjJa]! jl^UajV! 4 j 
E = ) u_fl! ja. ulbuij = 4 ) ^а-лЗ £Jjlj = 4 ) A_a. j! 4x-Jj! **-^jV! ц^С -Lj] . IjL-aft 
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j!i£l Ал. jl cjlj.i*j-o <^.jV! ^^c-Ijj «ij-Iaj Lijl£-a\jj .£ + V = E + 2 (j! J^V . (б 

.oljj ojj! jl! djjlii]! (j^jlail j)ja (j\ IjjSju 


», 



-i >■ / — N L k 


.AajV! (j£ Ijj ^ (Euler’s Rule) jIjj Sj&IS 3.4JluJ! 

<аЗ (jj£jj (3.4 JLill (j-o ^uuVl l-uL^JI^ aSL^j А-ла Jajjj (_^21! Aiajljl! AiLjaLj 
Jajljl! ciliAjuJ! J-a+w \1 AiLjal cciili (j-o V ^J j .(jLLlLla (jljiLa. j i Лз Ла. 4_ajj 46.jj.la. 

c£ — > £ + 1 j ^.1 j ^sLjaj 4 _ajj tV — > V +2 (jLlisLjaj jLLaa (jjllu ( l^ui jll^ ^jsLa jjjj 

.£■ — » E + 3 AjiLjaj L_fll j^. Cl2>Lj j 

ш jj c_fllj^. /2 j Ig Lx-o jjj ^jll c U-+n-a ^i Sjj^. 4-aS ^iLjajj И jjl! j 

uljj. 2/2 + /71 J teJjJLa. ^Jajl /2 + /71 - 1 J Cfi-lJ-b*. ^a-ai /2+1 (JjSju ((j-QJ^l +JjLiJl) ^i 
(j-o l<iAj t4_ajl ^ЛлИл j\ ^gjjj (jl 1 li^-aj CjLAa*JI o-l^J L_jil*J-a c-ljaJ (J^yLl (j-Qj .ft.lJ.la. 
ftl^J 4_a.jl ^1*2* j\ (J-o*j j)l 1 n^-aj <jl_J Ljjaiajl £_iij (jl (jl+i L Qj^ j)£i j .<a. t^Wj 

tA-ilj (Jjj-ajl! AiJJ tfSJI Aa.jVl (JIajJI j-o I _1 j) I (jjlxilj jla JaJjJailj ?ASjjJa]| 

оЛА lic. 4_mll J С^-оЗ £Jjl (_£ Jjui ^ Vj (ji _>*V1 AjI^J (_ 5 ^ J 6 -^l Jj3l J ^-aill Jj! Lc-Ljj j 

^^-a. jV! (_^C.\j^)l (jj^i u' Ч ^Jakiil 

IAjHjII CjI j-Q»il j ) -q А-ДаС. (J1 ! ^LojAjU lla. d jJJ-o 4_iiiLa, JaaV 


jLuul! 


Ja-ui jil 


U-+' 


V->V +1 V — > V + 2 

E — > E + 2 E — > E + 3 


У +/2 + 2 

F— >Ғ +/2 + / 72-1 
£ — > E + 2/2 + / 7 i 


.4_a 


a. jVl (^C.Ijj 1 4 j!i 2 ! ^ Lbl ^jjil E + V = E+ 2 AijL*JI Aa-ua ^Jc. JaaL^J 


£a lj! jj ^cjjj l$jV ‘Sp~ — Jajl jj (^gjjJ l$J +Lua V (Vortex) +-al jji ©JjJa +iaj! j JaJJJ ^jiil ljULqxII ^ ^ 
У JJ*J V LiA yUjjjj t^Lil nc.1 +2wjl JJxJ-a (JfLai j-Q*J 4_3jjjjJa tiiilj £-o .ajjla-a Ul-Ij j-a ji£l 

.alijl 4+Пм<а\1 Jcl jjil j-a 
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ЭЛл1д a jjuiI (jl L^lilajujl jJ \ '• (_£^a! AiiSJ Ц j\<qC> L-+j! ЬлаЭ t^i! j]| ^^Э j 

La^jU (jjM]| Qj \) * n bj с1л_л j)Jg > J ^c-oAij ^ 'uiq'i ^g-l C. 4_i] (JLLk (j -0 I jjj£ ^LajVI 

аЛА .Uxuj jll ^i L-iaii 2 _-o (Donut-like) claU jj (J^jJi A_iLaxjj C 5 j^xJI tL__ijl jaJ! элс. (jjdij 
^lLbUj .У — » V - 5 1 ^-ai s j ‘E — » E - s <^il ja. ^j iF —> F - 2 ^s^Ji AjIaxJ! 

элс. (j-e fije (J£ ^э (j-cjV! L_illaJI (j-Q 2 ^_>La 1, jjlc. ^j t/^+V^^+2 Яз^1*]| ^ic. 

(Genus) G .Ғ+У=£ + 2 - 2G* AjLiUI o2a l+_ii _iijj ^pll G Cil jaJI 

. l^_LojJaiij ^il]! "CjUjU!" (JI^joi! +j jij элс. j! c^j^jV! ^^л!л 
(Ja .-Lajljjl! gAj-oj^' (jjajxj IjjC-Jj .oJja-A LiajljJjla c ^ i^j LiA ^j tLluia. 
djlji (j-o t(Dangling Bonds) aJjlIa Joj! jj jj-ij clilx-o <Laj! jj*!* (J-wu jl Llj£-u 
: S-ii-ia. б^с1э Л ^Llal sp~ — AlajljlA]! jjjj£]l djljU ? sp 2 — <lajljlA]! (jjjjil! 
(j^j i^jLujj-o L_al jaJ! йЛА (j-Q ЯэЬк (j£ (jjj cl+jc. <a!lij-Q c__fl! ja. С1лУи <-лЭ (J£l <j! 

jj V :Lajj j-o V (jjfU jl jjill (^gJc. j ejcli]! oJa l. * JL i'Vi .ЗУ = 2 E : (jjj-Q^ 

CljLiLa. (j-o (jj^lj^J! (J-oC. ^aJJ (jVI .Cjljil! (j-<a (j^ji ЭЛС. <а]л_л i_iljJj£ djLjjjUji 
+ jjjj£]l Clilji (j-o (J£ ! jl jA ja! Jajui jlaji (JjLal LjC-J iA i]J] tAjjuiljjoi 

t^_^,j (J^l ^ ilja. 6 j a_iuj! Ajui 4_aj\_i jV! эллИа] (jj^jj-u . l i! ja. diui l^J (jj^j (j! 

E = 3/2 V, F = ) jj JJa-a'l jyJA Ljlkj! lili .2Zs = 6.F * (jjg > jj tiSjLujjj JiLa (jjj 
Ljlnj jlj .G = 1 J^l <-F +V = E+ 2-2 G :1Ллс1э ^ (l/3 E = 112 V 

! ClsLj jU! A+UOJ tL__lij <Sj t4_^.jV! (^ujj! AuJ L_li£jJj fcjjJ^ljaJLl JU‘l 4_lajlj (jjJj^ll 

.(4.4 Jiil!) AjjjU C—iijljV Д -illlo J_i^)Jaj ajj-ua (_£j-uj c‘ Uxi)\ oJAj 



1 g u.i4 1 (Jj^. 1 Sjllj cLqI-qJ 4 Aia'ujA AjjjLil! c. * njljVl jl_J cJjL/ jlo ' заЗ! j^Jxh 

l_jjjIji -l^.jJ V t JUJI <JtJf!aJ сА_ 1 л jJI IjjLi^. j£3 j c^ijial Aj3L1a1I сЛД .4jl_gj>J! .llc. 
c^A_uj^Luj Ig fcxia j ^Jc. c__sj3jj Cjxl (jl ^-^.jaI! j)-o ^jjnl <l! La£) ^jI^j V (JjJa ^l j 4jjj\j 
jj ?(Dangling Bonds) Я^ЗИл Jajl jj j)jj£3 jjc >a 4jjjU3l l-jjjLjVI ^^gjjl lij 
cAjjj^.jjAiA CjIjIj jl 4jjjx-o CjLajjui^j Cnljlgjll 4-iiaxjj j^_n jjiall оЛА (J*^! 
j^-gj t, \ f\ c_ajxj jl j^jj 6 (jV!j Luil j jjLcJI ^gjJ! jjjsljj Lo^jc. (jl3i ^JJ jjivTuxij 
jj^.j jjjj (j^lj 4 CjLliall ^ji^J “iaj! jj £A i 4 _^. jVI (JCCxJaI <alx-o 4 _nJ jjl Vl 

.?(G = 0) ljj£ 

La-o <^,j j£i L_alja_3! j-o ji! jjc. ^^Jc. (j-oLui (J^jjj (j jj Vi j! A_in3l ^j^-l jj V 

jjC. jjajilj Ll&aJj .^^-lill 4j^jVI ^^^-ujljjui L_Jj£jj31j <3j-qja3! lii>Jajl Л i-aa'i ^Э (JL^J! jA 

4 JIjaI! (Jjjj-O ^gic.) z < 6 ( 7 -gons ) AjtLja j jla JjJax -I ''-ў j j£L] , al jaJl 

Jll (z.gones) Aic jA U .(Squares CiUjjJI j! (Pentagons) <^.jVI CjbjjLaa. 
4j jSjiII <alxJI Л ш! 3 jl ?G — 0 JxJI J_a. j' I jjxIU cKcJI ,Jc. (J jj— aall L^ULjal 
. .. 6N + zM 

j t<aLx j t 4 ja j N + M IgJ t(Z.gones) Mj «j^j ^jjU-Loi N j* 


Jc. <.F + V = E + 2 - 2 G :<_<j (jJajjxjlLj .(Vertices) jjts-a 


6N + ZM 


(jj jjc. ^jajVI CiLijailjjjJ V JjxJI jjfLij .(6 — z)M = 12(1 - G) : l-ia. L,.„JI t_j|^aJ| 

jj^j jjl t _ ' j j C_ia_JI 4jajVI CjLijjjIAjjj jjjJ J.H3I t_jjjajajll G = 0 I j^]j t4jj_a 

.Cllxjjji 6 j-o JLaJI j* LaS t(z = 5 t M = 12) (^jiSj +?,jl ^jjJiLjk jjjiC. j^jjl j]j .12 
• jjixja ^Jajji Л IgJjaLj sp 1 « WjLja оЛА (Z.g 01 ies) — !l jji (jujSJI (^Cajj 
CLllxJjJaji !! 0 Lb t _ 'f'J' (Lij t +S J t Axjjja!! ojLaJ (j!JI (z-gOlls) jjC. 1 л t jVlj 

aLjjj ^ajjjjJ! x_j jjLI (Jja Jajljjll Lljj ou jjJSJI j! V jL . >,У1 CjLj_! ' . jjj 
t_j! jajl jL j . j LLjaV I j^joiLiaj <Ja_la_tJ! CjUjjolJL AjjLLa jjLI jjjjji jjSj <JjjjIAjjj 
.(Quadratic in the Distortion) AjjjLj!! “Lxjjjj Ljjii AiLLJI iiKj jjSj t jjljjll jc 
С1 з!^)а £Jj! <il£j LjAIc £Jja 3! jlajaj-uj 4^>_ufiaV! ^^^JjujLa^. >a >iLIj <1jLLa 

.^-bLjaVI ^uujL^ <x_nia3l jLlki !L3 . Lnjin с!з! _jL3! лз-^с. l <a j!j1a! 

jnjLl! >1 . cIjLiuj! AjuiI! ^jj jia >c. >х-оаУз j! . w'Vi lUIjjujI аЧИ dill^ I i! La AJjLa-q 

<Jj!_j ^^Э ^JL^JaII ajJUijl! L 'ax ҳў -j [jJjSU l$J оЛУза 31 CjLlujI аЧ '1 >a ^jjj un^jLloAll 
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(jjjji ^ic- a, (_£ j'iVij .JJuuaiiAll CjLiiujI а-ч 11 Clll jIIIj AjjILq iajl jjII 

jjjjli] c fll Я A>ll <XJj! A hV\) ^ij 1 g j\c. ji]j 4 jjlx-ailA jjjjoibjk Cliljl jA ^jj j-° (_j^l 

AaVI Ujjla С1а1д jxxi lll (JjJaSlj . A L«oa ‘ia CIiLlujI а~ч A я 1 i)n\l jjJaSJ ciilllj . jjj^ jluiAil 

.^^-UjLaI. JjIc. ^JjjU Lujjl V'lA l*jjjj 

A^jV I ojjxliA 4 _i1j ^1\ j^i'ijqj jl jjjj^il jA (J jjLj l_JjjjV j^aj 4jU cuUili 
l j j^Ajj . l_j jjjl Ajl^j Ijc. 4jjj£ l <jfc*Vi ajjjiiia (j£juj ^Э CIjLlujLa^ AlluJ 0 aJ JjLk jA 
jjjjjunkil (Jjx-ajjj 4 CIjLlujI Ljoiil ^Jc. iais (J j ‘i*4, 1 AS$ 4L_JjjjVI <> Sj^. ^ jj Luiajl 

•сЗ^ 4 ^ L^ L$U! ^СбО * j j^l^ 4 jjj^ U^J^i (jl*-* L>^ C5^ u /l"W^ 


Curvature 


OMj&l\ 4.4 


jA LlK jj^A ^jq'uMA L_flJj^j jA <J jS-oil 4fijlc.l U1 jj j 1 ^jiil L_JJjljVI ^-uia jJ 
^Э ij^.jjAA lIjLlujLa^, Aliuu jA 1 g j a jj£iJ jjjjjaui^ AiLueaVlj 4^LjaVI lIjUujI Л ио 

j^A 1 jjiiil j (jjjilll LlufiaLij jjjJAJAil jjC. jiil ^uJal j J^OJJ 4 A_LujI Ljuj Ai jLaa 
J ajui jJa ^^ic. L_JjjjjU ^j! jlauujLH L-flJjVlll (JjLau . jj^l j^JI Au^uiua ^ic. La^uJaji 

jj^j Aijj jl A ~ч ji>^i ^ic. jjajiu jl j^A i (Jj]| jA (JJ jiUI jA £ jjll !U j . ju jilil 

jjjiil! ^^Э A )aVij Auuij! jIuaA^ (jAxj lIjLlujI а~ч 11 jA (j£ L_fljj>^»“n . jjkuij j! jJC-Lm 
jA (Jjil Ajjui ill ^ji c$! 4&j^ (jAj'^j^ j!i^! (^uujjI^I! (jjjijil ^-3 jj . ^uuj jl^i! 

A_ii£j jluJajij jjjjiiii! jA jjC.jji! jl .A_^JauoA A -vjL^a (jjAJ _/ ,S| * >J jl AjLuj 

.^S jjI -чаИ Ljljiil p z lIj! jl Ла 11 jjj (Overlap) L_j^l jlill l QxxjVi IgjV 4 4iUaJL 


Energetics 


^bjSUall 5.4 


lj jC-J 4<а1хА]1 sp 2 ~ Laj! jii! A_ml ‘ajj^_Al! Ajui,Vig II lIiI jJa'iAll 1 n)ac j! jxj j jVI 
(jujjlujj . V' iKuj l_Sj£j 4 ! IIaI ^i ju-aiill cillj j Аз1'1Ча11 (^g-iUi A_nuull LjjliUal! Jfi*j 


^jjill ^Jauttil j! C" <jjjAil (Jualjj Aa_jj ^JaiLiA ^(JjIaj^ jialjj JajljjJl ^^i LjlAjjljJ! ojA ^ 

. jjjjfljJ! AaUa Ja ^jjVI jaJ! 

jj£j 4 ^ L> ui ^jic. Ajjxa A L>q*l jj C. (jl jLaJI JjJujLujV! (Jjjj'vU' (JjJa ^^ic. (JjjjSjJI jiaS 4, «a>^>‘l liJJ^, ! jj C 
jttjfljJl jl jja. 4 JJ jajJI jJa3 ^jLuai ljjJIaJ ^jluuaJ! Jaju jIaJI jA A JaViJI ajA jjc. jujSjJI Jaj-ujjA 
jJaS 4 3 > .-> 1 jl LaJj . jjjA jujSjJI JjiaS ^jiuai 4 _JjJLoJ ^uuJi^J! L> > u jJaJI jA (GaUSiail) ^^uujlaJI 
^ljiua 4j| jJawiV ^uujlaJI jujajJI j j£Lj IjJ 4 J jj'v^ll almVI (Jjia ^^ic. ^j' _>L j-uI jujli 

.^jl^j jA jujSjJI JauujJA jl jja. 
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^LuiaLi* jic. 4(j^V Cj . 4д\ж,а\1 sp^ iajljjll C* iKin IjUJ C(j-£a jx^rsll 4nj (^^Jc. 

Д -ljl jiuajL/ 1 ^-nllj C 6 0 !! (Jj-Q 6j£!t 4-fLiJ (_5-^ (jn jjJ-aMI ^ jlaii nijuj t^-^J^J! 

.4_ii jJj^]! <jjjl_ill L_JJjljVI L&-° Ajj^jl! j <Ljla]| 

c(Fullerene) jjjjl ji!l nn£jj] ji£t LLmj ^cilui <a^.V J jjm3 ^j 

Jn.jj Clljj ^iU^]! Ajjj ^Э ^Cin (jjJj^]l CILc-ja^-a jjl c__ajxi (j! LjV LiAj 

(Dimers) citjAjj j! AjjIjs! jjjj£ djljl Lojac. jjjj^l! jj^-a jijj •'LJI-C' ojtj^. 
£-jj-uij ^^lc. LC-Loij (Jc.liLo JJC. j (Buffer) jUn jlc. Jajui j IJlc. j tA-ioLj]! A_mll JJLqj 

(Jj-q t^Jajuij <lajjj-Q (jj£i jj^. (jU^Vt U -0 jU^ C5^ Ч J-^ *UU^U^^ (jj! J^! 

^Э LoLoj j-ojj jiu-aL/lj (J^dill 4jjji]l djLjjjj]ji]| j! (jJ^. 4 jjxj-L! ^С^ха!! ^Jjui^J! 

.(jjlxJ! jjiall 


jii£t 1 g jx> (j! ^jjJa]! LjLul <а!1^-л (__5-1 а] Ajijjll djliLL]! ^at л -L'u J Ljjj! lil 

(j jl jj]I (j-o Ljjj 3 ^DVill L^_i3 jjfU djLixjJaj (^j-Ll jj-njaj c__ajxj 3 tL_ii£jj]l (JbLk ^lnlaai 
(j^A-a]l ^jl!! (jLlaj (joL£ t flLoi^JjaiV ^LSll Uj3j]| ^Uail] UU"H LiAj .(Jjlj^Jl 

. ^Uvi]! jjn L*jic. ^jj^! AiLUl cili A_njl! ^lin! jjjxj ^jj •!■£-!!] (J jj-£ 3 jl! 


(j! JUn jjjjn jj^j jl Ljjlc. cAjjIj^J! L^j-oLjjjJ! Lnlc JL^J! jA La£ 

L^_Lq (U^J t^jjljj-o ^ u-o' J A_iLi£JI A_i 3 Ln Axjjjui ^LUill ^^Э AjjnJt ClLnjj j-o 4 n.jj 

4xuai! J 4j\^ j -а ClDLja3 j! fijJi£ jj» qj jnt jn (jjjia jc. jjlc^ Aj\i£j! ЛлЭ Laj CjUaLn 


A_li-oj]| J j! j^J! Jc. <LCL^-a]I ClXi£Jn]! ^J^~4 ^Jj (Jjj-*aj]| (j-o ^а! la'Jl ^Са! ^nfiLU^jjujl] 


tdllj] .AjL*J 1 (Transient) j jjLc. Anj ^-Э jjJJ^ J_C.Jjul3 ftjLc. ClLjjJjljil! J-ftjj . 4njjnl]| 
Ajjtjn uj^ (jl ^jjn!! ciLnjj u^Dlj ^ L^u j jj-oVI c-LLt ^u^ U^ !j! 

^l CjI jill .kia o jjxa^s Cjlcj^i-a J jjaill J jaja .(Thermalized) 

. AiLU&loiV I Т^С*п \ i (j^l I ^ <л\ 


jc. jaj ^! ulli) (jjjjil! ci! jj (j-o (Clusters) AjjjiixJ! ciLcj-an-Ut jxmt jl 
(J£jjj Lgjli tdllj (jA VjJj .(j!)UaV! ^з -lc. iajljj (J^Cn V (Л/= 20 6jj (jj jic. 

‘Up L_fltjn!t jj£i c*’ n-\ i ji-ua!! *Цд!-Па ^a j'N *ч \l (j-o AJLn!! ojA (Jja ^Э (Jjul^Luj 


^ji!!^ <LudLai (J£jjj L^_! ^^jj (jjU.! jxj ^э (Jv.!j — J! — AiLn Ann ^^э (jm^Lii]! jli Uin 
2 _л .(jj^lj^J! Vjjuii jLxjL/l AnLn ^jj (jji ( (jnUa jjx-UI jjjjL^j]! ^ ciljj иэ!п. _Ui3 Lg_! 
AjLgj ^i (jjLnV! jxjJ! ci! j (Jjuj^LuJ! 4<jj jiic. Jc jn-e ^i ci! jU! jjc. jUjj! 
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(jli ^iLilL teL^uV! ViL^J! ^jiji ^JIjij c_LJI£j J l -л cJJj^ia l_ a\ ,Ьа\\ 

(jjA^\t ^1лУи J (jjL^Vt Лж, Jl CjIJ ^_nlt (J» Vi ttiilJ . diLaU. ^э (Jaiii cJjXJI 
.AjjJII CiUjA^t jjj L_kxjJal ^Lkljj 4jJvv\l A\ \ \W ^(JLxS JJC- jjJj£Jl (Jjiilt (_£jjilt 

eV ^il j^ Ajlkl jil ajiii Jajljjil AiUa jj£i jjj-UI Jajljjll dlli jjJj£il AluJj-u ^Э 
jH 7.5 eV J! j^. t jj£! sp 2 ^LuVI "LJLjj a ^Iuma л -sjV-o J Jajljjl! ЯэЦа .6 

^Э Ajlklj 6 jil Jajljji! CjliUa Iajj cJjLjViC. Дх. ja~\a ^Э Cjljii! ЛЛС. jljjj! £a .ojJ 

л» Jl CjIJ (JjojLuj (j-o ^Uailt (JaJjjj ;Aj-gaI (J^! (juj^jilj JiUJ! Liji ^ u-Vi j c^Iaj^J! 

.^ — sp 2 Jajl jj ^A jLljV! a_ijLj ^! sp Jaj! JJ (JjL^V! 


LaAic. ?£j£ (Ji-o 4 V» a j! clc.j (JLq Jj^.jjiA sp 2 Jaj! jii! ciilJ ^uUj-al! слд (Ja 

s # Д 

oji (j£i AiUail L_bajljjj tULu V^JajoiA Д jc. Lj» \ sp 2 Jaj! ji dlli А -jV-o ^ Wi 

. ^(jjjjijll jia3 L У-Уч jA R C' il/R 2 £a Lpjia 

J.lm (jU!) c lIIjI jU N jjA Aj jIa (jj^! j^J! jA <»Jji ^Ьч!! Л» Jl j-al jl L_Lujljjj 

g.\ W 'iVI ViUa L_bjj\jjj I^Aj c -yj N £-* Ujjla ^4 V» a Ajjj (jjjiij!l jia3 L V-Vi jtULa 

Ujjjj .Cllljil! ЛЛС. (jc. aWuaia »\ W 'VI ViUa Д-С ja~4 a ^^^VjIij i\/N £-л Ujjla aji (J£i 
jji! j^J! A^jVusa Wj^a л!л!й! ^^ic. ViL^J! ^jijU (Energy penalty) AiLUil jjia c-l j=k 
Ujjij <aix-U! Ajjji! ^gi cLmibU AiUal! <al£j dijl£ !л! Lu^j • V /V SjUjj 4_^.jiiAlt 
L 5 ^j ; л/ N S^Ujj Ujji a_^ jjJa Ajjj J ajIjIU! -Uj! jjil ViUal! <al£j j\i tAiljU 

. ji! ViUa 4 q\* a \! 4 _mi! jj£L ojjjHI Д_зЛ jijxi! CliLc ja^-aII 

sp 2 Jaj! jj cjjli <alx-Q Ajjj (JH (jli tLm ji jJjlalU (jlxlAl! c j^-!t J L^-jUaj La£ 

^VI lU^Uj J&\ tilii ^ Яа?.Ь\_а j!i£V! u-uit jj£ij (Pentagons) L^UlI jUc. ^! 


Я511а£ jLuV! UjLlj Aiii-a ^jLL-a ^j Jjl^l J*J tlll i 4il*-a l“lUW UliliVI jl (jja3V! (jo ^ ^ 
jiaS c. jialiaj! j* 1.иШ jil! (jjjjiil! 4aUa jLjj! jl ij Vl > л\ jjJxi 4 jj! jx 4_il^|j Jajl jj 

.( jjj»j J -\J~1 \Г ~ JJ -Ьк! j jxj J N ~ R j-a) o-jSiil 
i/? ojLujV (juUaa. 4 Ja15L1I CjL jjj^lV! AiUal dia-U! (jujiii! jj».jj! jjlj ?1/R l^Uj 1/R 2 I jLU ^ 

J K <— i jxJ! (_U,Jjj 7Г diVLa. j G Li jail (jjjajJI UxJj .(1/R 2 (JjjjIj) 1/R £-a uim ^LlLj 
t_j!jiajJaV! jl Ujj .l/R <. t n>i\ Tu \ *^>j! jAj ^jLJLj tR ojLujV Ljaj! (jjjLuia, jj>g j\l Ija .( т diVL^. 

4jjIajJa>» 4_}jjjj£Jj 4_ia.jx 4ilj j* j jj jjj A j\g \ AjjlU-a. a jj-ajc. <J I jj i C_U jC. jxl 4 lU^JI 4iUaJl 

. 1 /R“ £-a \ u»\ IU 4 ^UaJl JJ*J (_gij 1 /R J jLj^l jbULUI (J JjJ IjJ . 4 jjlajJaA JJC.J 
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(jjlajjjui (jjJjujUa. (jV U_fl! ja. (_^i jj> J (jU-oV! jj^ С_ nVn J 4 (_£ jLoullj LjujUa. JjuiC- 

.(5.4 (J<U,'l) j ji* iB 1 <ag k^-xx \ £-0 



.C60 5.4 JslLII 

(jjjjl jili L <i)\ Jjl SjiLc. Ajjj ^i (_£j! jaJ! (j_j| jjli ji LaJj ttillJ AiLjaVb 

(Jjlitlluji ^Ac. Sjjill ^i jjfL (jUj (JjUa 3 i jli Сб jJjsu-a ^^jj ^i AjIc. (J jx^^li j^aJ 

jLlki ^i l^-il! (Jjj- 3 J^i (j^J (_ 5 ^Ji ci ji jiluji jj£j/i 4_ml! £UjV 4 jj! jaJI l^J-aljjJi 

jijj .c 60 (_gA A_iajJ\ fiiAj . (jjaxjli 1 g ks~ix \ jc. ^Jjjx-Q CjUuiUa. ^Jc. JaSUj Ajjj j*_uU 

ctc-jJjui jJ^Vi ^lSlt jjjjljili ^JjjxA CjUujUa. Lueaji <1 (jJli ^JLili ji_ufiaLM jAjjjj/i 

(Hexagons) cjUujijjui j-o ^LJal u_ Lua £_a C 60 (j-° (jjj j ** nb j-a C 70 jj£L *C 7 0 jAj 

cAjjjljll L_JJj\jj/l L&-Q c^-ujjl (jUaj (^gJc* Ajj jJj£ Ал. j! UjijLxIlxJ jli iA_Jc. j . \ a £ \ \) 

l*j J t^glxuaJ' (J^juJ! djii AijLoxJ! cijljjjjljill j! i(Nanocones) AjjjLl! JajjLk-UI j 
4 VTUI ^gjJi £4 jj! (jU ^LilL c<i£uuL! cjjL£jual! Ail£ i_al L^'Uj ^jjU! ^Ljs jl! ^Uajll 
.(Kinetics) cjL^j^Jij (Energetics) UjLjiUal! UljLjU jii 


Kinetics <-jL£ 6.4 

^j jjj^ sp 2 ~ -Li! jiS Sjjj£ (_^jj (_4 (_^i AiUJI jjl ji jl/j (jjjjiil! UjI ji ^uA'i 
.(Planar) (J j'u^il clui! jaJ! ^^jj (jja Lujij ^gjjl! CjliUa L_jjiij J сЧ_ 1 аД| (Jil J (Jil 
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а \*\аа\\ i— alUS'ujV cii^j]! jA ^ qSj Lo i jj .^1 ^jU! ac^J .i^jj V j 

<jjJj LijJI jj^JI (j-o aj^*JI ^cijj oL^jVI Ajji aaaaLouII ^Uajljl! jlj LajjoiV 6 bj! jjl 

£. ja. jjljJi! ^LL&LJ ^ ^jii! tCjl^j^J! ^ u Ai j .^Jajoil! Яэ1_1а ^^э ojaLuiAl! 

1£jaLuJ! ^^^Jc. ^USjaUl A 'iAjg II оЛД ^-Ajojj .ЧааД! j!i£! lA iSaaII ^^jull j)A Jai 3 J^Iauj 

. jjj£ jjjLiLa CjIJ ^jj jx Ajjc. Ac.jI 1 a <C. jajj jjj^liJ 4-ijljaJ! 

jjjjil! ^ (Nucleate) (.sjlij L^lLxJjj ^jill Я1 хл1а1! Ajj ^aI I cIjLjJVI Jl jjV 

Culi jj£lj <ilaLk AC-JjoJ (jjall Jjjl! 4 j\aC. jV t JJJ^ AjJjaIc. jaJJj <Jjj\j]| 

I j Jji jjajij jjJj^ll .yp 2 - IjjIjj А u,i,Vi& jli ttilli £a .IAjjjaj \я i^ij 4-illc. ^iUa 

<jjj ^Liij j^j ^jV I £ jJ-a^ll jl . ciiVLci^V! ^ qjuAi ^Jc. U.ic.Luii 4 m a 4_ia. jljjjla 


^j *(Small seed structure) a j j* - ^ 4 jjU ^Uja 4 jj£ yU £-*U j с>«Ь^ cIj! i AjIijjI ji 
'j-li-laJ! jjjjil! Cjlji ^Jc. cI-^Lujj (jLl! AajJ! £ ja. (_^l t jAi]! A^LaiA ojjjl! оЛД C-lali 

оЛД jajj j .^l^ll! 4-fjjll C5-^ Uj^ I J^JU j-ail! <alaJA luuijj^J jj .A^jJ! j>u (J^Lk 

ciiLiuj jjA jV t 4 jjuJ jjl ч\-\ AiLjaj (JbLk j)A l_j]L*J! ^э £_uJ j]| jjLiLU! ^^^Jc. (^iU! 


clslalaJ] jj^Uj (Well-thermalized) (J^Uu AW*.^ jj£i <Ja-Lj j^j ^ <alaJ! 

• sp 2 ~ Jajljj dilal^J A iSaa AiUa ji! Aauj! jjuJ! 
^gJc. IjUuc.! ttillij cSjjjl! jjjaj] 4_iuj.Ii& C!jL/Ia'WI 4_ui ла. jUjc.! Ua 1 ViSajj 


^JJ Ял -JjuJ j-Q J сЯиААа. ^JJ Л^! J ^^Ljal ^uujLa^. j-Q ll^-ijJ^j ^ji]! A_LujLa^J! dj\ q\^U! ССС- 

. UjuiLaa. J-jjc. ^^-ll! j! C AjjuJ j! ( jii^a j! C J-jjc. .1^.! 



.Jajja-U! 6.4 J^uJ! 


jjjjij]! L U^a'i jA ji! Д_и 1 А^ ^JJ ^a.! J a jAjJ! j-o ClA-iujl а~ч 1! Cjli Sj^U jjfU 
l,V‘iAAj La. jli-Q Uajj^-A Ji2i tUlU C 5 ^ 6 (jix-o jjjUji jjj£lij L-flLiii^U ^ j^jLl! ^ jLaJ! 
cIjL^jj ^ja*4 ^-q (sp^~ J^j! jli! dili^ oIa jjjjii! JajjLa -л c 1 » н^> cii .^6.4 jS x'jll^ 
jl UjJaji^! jij . cIjUujLa^. 4_uia^. J! ^a.! j ^-UjJa! ^-ujLa^ j-o (Acuteness) S-iaJI 
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,V’ix>j Д_а. j'iq^H Jajj-4..all ViLa. cJjla jli с4_1л\л]| 4iUJ! ^Jj CllijjJal ^bLda! CIiLijujI Jjoj 
t jljiLoVI jC. *Э j4 V AiUJI ja! jl LaJj . Jajj4 aII ^^Э djljjll Л-1х1 ^xJJjj]! j.laJl£ 

jaJ L_fljjJa ^gic. -la\i"\ll 1 1» ь-а L_aUajll 4_iLg_j ^^Э ja^ I ^iiu-aJ jl ^ijj]! j£-aJ !i] 

. <1a£Ij JaJa_UI I ЛА JJO Д ^ ^-s j ^ 


^^Э A-iii] ^"^LjaVI 4_i_uiUa. Ц д\-ч (_ QJ.OJ jl oj-d (J^U, Ja jjLa LVg I j^AJ 

^-ujjUJI (jjjjijll ^Jj-aJ 4j!i£! jl djLlujUa. <xj-uj ^aDVill ^£!jj LqA1c.j .A_1ujIAjuj L_j]\jl]| 

(jdlui-Q Jajja-a ^j ^jlaJ! ^JI ,Vi-qj Jajja -л jA SjLj]I 4_nj .j» Vil Ajli£ll <j3 Laj Lji 

jLVn 4 djLiujl A juJI AiLdaL Ajjil! La-qj Ujuc. j .(7.4 cJUlllJ (JV.I.J! ^l (Tapering) 

jjuic. ^jjl Ac. jj^^i 1_л ^ljJ LoAlc. iL^-uiaj ^Jc. L_flUa-<J! ULgJ ^^э jl« Vij *U.jjUll AiUJ! 

djLiuiU^II ^SI j]| ^э (JjJa^j JjIvlII Jaj! jj]!j JaJjj]! L! j jl (Jj3j]| cJc>Lii]! jj . UujUv 
^ j^]j .4 j 3U ojjxu-a Я^пЭ jjj£j] LianjJj AilaJ! j-oj (j.Vu j LoJjc. djLuui! AjuJ! ^^Jc. 

j-o jj]l I U ,Vi-4jj !лд .(Lumpy) ^jV'Lj lalx-o Lnjjlji LiLia.! A^jjl! (J£jujj tAijUJ! 

. j-<n]l (J!>La. 4_1 ujLaV. <aU & Luijj ^^Э Lbda jC. ^uOjujJ L_a j jla ^Э 4_iiDI 

?UujL^ juic. (^^-iVJ! jl AjjuJI j! cLoLoj j<U-all djli jjjD! ^g-b ЛЛх -aJ IJLo j^]j 
jjC. j-aj <а1х1л AjjIj-oJjuj! ^Jc. Ja^Laj Lgj 3 j-<n]l Sj-iJ! l <u-al_V ^jU! dLAj 

j-d^ Allaj-U j£uiJ 4 (.*' П*ч Jaa3 -la.!j AxJ ^^Э A_ijjJI Л^Ллп Jaa^ (JbLa. j-o ?L_Sj£ 46jJxIi-o 
(J£du ^gic. Ai ji 1л jj^! ja. 4_a-iiu-a djLijuiUV jL-a djli ojJUIj .CIijIj (j£uuJ (JaliUVI 
4ja-ii-ua jA CnLijujUa. jL-al J^V! jljVll^ jj3jJa]l ^Э jj!Ujji-Q jji^La. £_a ^! j^. 
■ V'ia'i jl AnjljJajui! JjL DVg I j£-aJj .(VJaJjuii jj^lja. (Flake) 'ijJjui3 (JUjjJ 4^jaJajuLA 
Jja. Jji-Q LiU ^Jc. JaliaJ! ^x-a jji^LaJ! ^Jc. Ajjuilduj diliU ViluJaLi Ujja -А л!л1а! ^Jc. 

. CnL (juLij 



. 4_эл“и *i a 7.4 JluJ! 


193 



J^rQ©^5 QaSk 

■^ggygysyigj- 

.Slalj AjI^j Alc- (jSiua cjjjII 8.4 jSJoll 

^Jj djLiul Axj AiLjaljj .oj£ c. \t.s-i\ AiLijujLoa, Ajjuj (j-o Ajj£-JI S jAJI J<; йп 

J^JI) 4 Q j Д L j L> AjI jlajoil J^joLlS Л\л \ 4i U\ l J» \ un o j jJ | \ 4 --i j *^Q Ш 4 q \ -ч. \ l 

^ljAj 4_i\_xiS c__lxj^aSI j-o ^_lx-aJ i J<; jjjLlll ^^Э ^l jIuujL/I АЛачМ 1 лД s-IAjj! Aj^ a)j .^ 8.4 

JJ^Jjj fi Jjuukll ^JjujjJ AjLuj j-o tiiSi (jV tAjjj£il C. \kSl\ fi Jjuukll ^Э fi.ll.Aa. CjLlujI AjuJ 

JJ CjLlujI AjuiSI fiAA £уй (j! JjjJjuj) t ^jl jiajujL/ 1 AA-ojSI jia3j fi jui \\^\1 jSa3 j)JJ (jjiLaiS! 

JaiuJaSI (Jjisi (^J (^-SLiiLlj 6 (jjjS-aq\l ^SJ (jjilViN Aj*jS ^iljSajuiV! AAuuSI filajLl £ J>g ,\l 
jl <La jji-o o Aa.1 j AiLa CjLiujLoa. AjjuiSI j jq».o\l CjI A c j j A jSI о A^J j)J . ^ ^i A^ I Aa-SI ^SJ 

л 

jl) AjjAxm Ajjjli <Aj\ Ajui> (jjjSa jjC. i_Siij jjl J_flljaJI fiA^J (j£-oJ c j)JJa.jjij jjj^la. 
(jSali-o jj£i (jl JaUj ijjjjSlaJI liSS . S-aj^ j\\ Яа. jjio <iSjjj (jl LqJj ^jAx-ai! Ajjj£ 

. jjjSI (jSaljj оАД Joliill о AjAjuiSI c sljaJI 

L jjjjjuiS^ ^x-o (jSi-o jjjjiji ^-g -Э LiuiLaa. jiuC. ^_IiV! iili ojAjSI LqI 

AjlgiS AjLula (J^juJ < fl jjUn j)l AjjjSI 1аД (jLuj (j-o .^9.4 lMI) L*-* (jjj» >-о (jjJJj_j£ 

оАА Clil^ (jj Lnijai ^uJal jSI j-o Axj (JjjjSj . CiLijujLAa. Ajjui (jxi о jAjS <iii_A oj£ <- L/i\ 

^xll ^jlA V J ^ LlujI xi *ч JjuiC. ( 5 -i 3 ! jl Aj-uj jl 6 jQl-o Cil A j jAj j-o j-ojLuj AjjjUl! <_jultfl 

A^jLulLo Aaljll AxjSI CilA (jiJl Ajaj (jlll A-iuiAi^il A_1 ujLujVI CiLilVI (jli ttiSli £-0 .(ASSa 

aIxj^I (jAla.1 ^il jS-au.il (J£-uj ^ic. Х\д\ jl jjAjSI fiA^J (j£uiij . Aj^LiSI CiVLaSI оАД ^Э 
AiLa (jl Laj . Cil jASI AAC. ALiAjl (J^La. (jiljlj (J^juj j ^aa. ^^lc. j-^ii! AlSaj-o Ja^lai c.** п*ч 

(JjjJa (J<\i‘i) j-<ij (jl j^-oJ 4_iij Ia^A j cAjjIj ^Ajj j-«iSI CiLi^ja. j tlg Kiij SoiUj j-<iSI 


. (jjJj^SI (j-o (Jjjli (JjjSa C_J jjjl AiLIa (j-Sc. (jljAa-SS l/R^ (jujiiSI AiUa (j-oJ^i 
jUaiVI iili Ajjjlill c_jjj\iVI (^LtJ • Li^A-ol! jUaiVi Jt -лл ^i IjjA CiLijiUall c__lxJjj 

. jl jSlmVI (з-э Ljaliai! 0.7 nm <^1 j^ (j-o jxu^a! 
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Other rings 


1 £Ш* 7.4 


. AjIVia!! JaJjjib 4JaU.V!j AjjjUl! 4_т\! JiiJ Я11лз ^Jjoojj ^jjLa^J! JL^S! _)3jj 
.IgJUaj AjjjLJ! AjjJ! ^tliij (jil! (Heptagons) ^-^LjaV! ^^c-LijjJ! J£jJJ! ju^c. ^Jc. 

lojjuj J 3 ! Ajc.LjuJ! JUiV! (jli SjIc- Jua^A jjc. ^UjiiiA AjjJ 4iUJ! «i^aaj j! Laj 
.4_1аЛ! jj£! A-JjJxJ! JaJjjl! AiUa j)j£j с" п*ч 4i\j£l! jjaia_lA (jj\VJ! L_fljjia 



. ,jj£jla]! л!с (JiLa uj jjj! 9*4 JUJ! 



. vLl^jJ! 10.4 Jixi l ! 

J£jj ^c-Ijjuj J^jjo J£ (Pairing) U. j! Jaj U. jjL<J! 4iUJ! ллаЗ + nV\ j£-ajj 

Jaj! jj Ajjj ^Jj 4_1uj! AuJ! Jl^V 1 (j-o ^j! jjjjc. ЛЛС. AiLuiaj Aic. JUJ! jA La£ j . ^^jjjLaV 

jLujja ллс. ^iLubj 1 V^aj б/^+У^^+2 — 2 G ТоЛс.ШЬ J!)LkV! (jj*^ val*_A sp 2 


.й!Яс.! йЛс.1а]Ь Jvj j! (jj*^ • J ^Li^LaVI! j cjUcLijaJ! j)A 

Jx-a^ Ajc. IAjC-Ijjjjj AJjjjLaV Jl£jjo! j)JJ CjU. j!>J! йЛА Jja C." llj^jl jij 
L_jjjj! jja-a л!л2а! ^^jJc. ^_uj! AuJ! J^jjJ! ^Usj J!>U j)A Ajc.I+uJ!j <juo\ аЧ 1! JUuj 4 ^! 
J^jjJ! Jijc.j Lia_ijjj AcU! j ^,xJ аЧ\! J^jjJ! .ijc.) L_jjjjV! cjjli-iiuJ <klajA juc. ^jjjLi 


t , Л W nl /\ L. \ i ^ A_lC'l_JxJl ^ , ,. N \ ^ ^ , i, д \ i t * 4 , i, ^p*Q Ji ^ 


0) 
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V 4 ,\W 1 g ^ j-o j-o ^oljjjd]l (J£jji]l ^jliii Lo-iic-j . ^^^^oljjji]! 

.(10.4 J^iUI) ja.LLo (J^jJdJ ^,W|J Ui 4_i^l cl jjj£ l_j jjj^l ji^a jjxjj 


Surfaces 8.4 

j-o aja.lj AiLla jjijJa 7Г -UjI jUI J (T Jajl j3]l AiUa ^^Ac. (jVI 4 jLx] Uj£j Ui] 

ls* c$ j**VI cijs e^ljll jl (JjJaSJ Ш o ЛД jjal J^-]l ClAAjJa j£l j . jjal J^AI 

I jjxj jsllij jl 4 jjaxjll 1 g Х>»ж \ jjal ja_ll ^jLL-a 4. iWj Uj j ', L-Qj -д! jjj jl J.jj ciual jaJI 

Sjjxj -д сЛА ^Ja-uAI AiUa jl .jiila-A ЯзЦа <a]£j 1 g J <jJajx_A jjaxUI 1 g kstx ) jC- 

.6jJJ^]| ^JajujjU A Ag ,a ^Jj-aj !_£j£]j ;1 л^ 

4 Sjjja. 4_i£ja. CljljLaui ^AU A_ili£]| ЛлЗ Laj A Ag a UUaJ ^Ja-uAI AiUa jj£j 

г 2 •• . 

ILa .(Jj^I AiLia j)Jj£U — . Jajljj ^Jajuj ^^Ас. <»jj|ji 4_i5 jj-alJj (jUI diaj]| 
A_ajV jjal J^jl j-o jjLujjkA jjjiUa jjj 4-jilVJI (Jc.lij 1/R jjjij ЯзШа jjajjxjj 

.fijj£-a A_ilkU 4 ~4jL.^-a ^x-a jjlaJUj Lg_xjJajj Д U'i^a J-iC. A_iajla. Sp — -Uil jj 4_x3j ^ Wl 

4. id-ai jl .(1 1.4 J^iUI) Aa-ualj A-iajla. AiUa 4A_ili£ll A_i3 Laj jjj£ R ] J^Li'n tU]U 

jaUI JjJaaj jjjUjill ^^JJ A jla lUIU ^l-la. jJXj-a (CrOSSOVCr) jjLii]| jiaa 
jjJ j£ dilji jA jJj-a-U A_ia.jLiJI <iUUI ClbJajxj lil 4A_iaLjal A_i^jLk diliUa jj^ali 
jjal jaJI ^Lui ^Ас. J^ Um jl jjal jaJI <jjujj ^jj] ^AJuii 4 __ii£ ji L_fl jjli jaji fijj^a. 

. J^joJI A_iL-aJ CjljjjU ja j jljjaJI oJJxIIa 4_ijjU 4_iijLjl cUli j-o ^cijj . jja Jx-Ul 



. jjjlj^ ji vjUI 11.4 JSUUI 
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/ 


> 


/ 




У 


.^Jauuua l-i jjjI 12.4 

4jLg_il! Jbaij Ajj^x-q ciil j Ajjj^jU! Ajjjlili L_iijtiVl Catalyze jjqVi j£-aj 

<jl j-o ^C-jl! СЗ"^) 4-f2bjL^. ^UlU (Jj£-ujj j-Q 1 g » ‘l^ ^aJJ ^aJ . A^jjLU! ((jjjjl^-il! 
L_JIjl11 ^ LiA <il*Jl L_lljljVl J (<illi jji V .jjj j jLiA JJC. j_jJ j£ (j* 4_l^_)1_^ *и_2а 
&Linxj 1 . ■ >.» j ■ t ^ j a : 'oj^ 1 j cl <. . '» Ь ^ L l . '1 <з11а ^ajj . -ilj j д_^а c AjjL^.1 

Ljjjxj JSjLj uujii ^£J (Constituent tubes) Lajla t—Jljljl £_л ^ja. J i 

.LojJI jj^-a Jj Luilb t(Transverse) Liajxlauij jlilll Ailllo (Lattice) 

unjliVU . Я_1 J j3 L_lljljV ^^jJa j*Jl ^xJaiLUI jjxj (jl tuajl ^Jajuill AiUal j)^AJ j 
aIA q'ixtll 4 j\*slUl 4-^. jVl (jJJ L-jJl y\W jj-o oAiajjabo Jajl jjjij ^^Э ^Ua-uiii o jj j£ll jlJaSVl lIjI j 
A-iLklUl a^.jA 1 jjj L_jj\ уЛ (j-o ^ciiLill AiUall ^э l_iuj£ 11 L-buiLilij .(12.4 U^jaJ!) 
djjU-aUl cJ^ (j-° jjjjSjI! AiUa ^Э <al£Ul J,W'Vij .L_JjiiVl _jJa3 £_д LiJjla ;Д_Ь1 _з11а11 
<1UJ1 ^-LxujJJ tcillU . L_J jjjj/ 1 jla3 jjC. LujLujI (Ja'ujjQ l^A j SJaJjjuJ! ^ji^L^. Ujj-dl ^^Ac 
<^1 £j 11 jjj Laj j . UaJ jjuj Д -i j^-q AjU^II 4_1Э Laj £_ujI jll jJaUl ц£ j L_J jjj' V 1 A^Ual LiiUl 
Я1Цэ l_Jjuj^ 11 jl (jj^. ^э) Ajjj3 ^JjjIUI ^^uJajxll ^JaLUl Ajjjuli (jV jjjijll Яз\_1а 

Aj^Lill (jv°j .(Collapse) jU^-iVI -JJa ^^j^. j^-L^. tilLi^ ((jjUI oju^ ^JajuJ! 

jja-Ul (JjL^.1 J,Vix-Q d-o (jjlLalli jjj£ jAa3 lIi! j L_lijLjl ^UajuiJ (j£-aJ tAjjJ^-Ul 

jj£j lKA?j .ц -ijjVl jj^-a (_jajxlab<i JSllj (Uniaxial compression) 

LoJic AjIc jj£j Ubo ^Jajuii LaAic Ij! j£1uj! jj£! ( ~ 1 ПШ jUai) jl-laJI oAi^.j L_iiiUVI 

. j42 

Holes (G *0) (G Ф 0) 9.4 

(j! Ч -l^J G > 1 — j Aajj jl lF + V = E + 2 + 2G _jJ_jiall jjjllll (_ja jjij 
jl 1-aJj .(13.4 j^.t.11) 4 , . -'l ^J.\1 Jj 4_laaij]lj 4 _ic.1_Jjoi 11 jlSjoiVI j-a J-ajU IgJ jj^J 
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Jajl jjll dlUUa jAjg'l c" П*ч AiLi£il jla 1 Ч~ч 'll jjia Д -Ljaa-Q JJC. <^LluJl (JI£-ujVI 

AJlc. jjlVjll L_fl jjla ^ (Holey) <Ajk-<Jl jjjj^ll (JjjJaaj ^ я \ n c4j]j1a]| 
jjjj^ll .(Nanoporous) Ajjjlill ^LoiaI! ^ja jjjj^ll tilb ^^Jc. JliLo JjJailj .Jaii 

<*_3jja]I Sj! jaJl djl_a.jA Alc. :(Pyrolysis) (_^j! jaJI J^La_lV! a )a * J jj Ajjjlj]! ^Luia]! jJ 
л_ш ja diiaj jl l,g jlc. A ql"i4 a Ajjlc. ^ljjl ^] AiljJaVLj ^il jjjj£ ^] aIja]! JlVn 

. J£joJJ Jl JJ V ^^1]1 a!H_a]I ^p 2 — Jajljj 



.(ojjaJ) laSa 13.4 Jlujl! 


<Jaj! jja c_jjja Сз! jji j-o (Disordered) <SH-q a£jj! Jj^ j'n С1з! jl*J! ^aa diaj 

*I_jj 1 41з11£ jx jjj£j ^^Jcl Ljj! ja. <La_iA <JJC. ^i jjjj^]! AiU^ j! LaJj . Ig 'm I_aj3 

. JjoIJ J <]j£jull AjcLluJ! Jl^jllVI Jj£-uJJ jl£-oVLji t jjjjl jill (jjlx]| jjia]l c__lj£jj 
tdj! ja ^j-uj j! cdiuj j! t jiaI 4_ic.LkJaliA ciilil^ j-o Lnl~4 ^a to.Vq » a ^clLj]! <jjj jj^lj 
^lc. LjjJajla! jlj . L_J j£]l JA 1 Ja. jjj£ AAC.J c ^p^-Jajljj jo C__fl JJ *a jJC. Lajl4 jAj 
djLalaJ! jx jjajli]! jjfLiui3 — Jajljj С1 з!а jjJj£ CIjIjA _1^.jj V 4_ll JJaLuiJI Jjiui 
^i c_j j£]l aac. jA G j] L'n^ H2(G — 1) jA 4 jui1,a 411 CjUlaJl ^] <1ип1Ь 4 _jc.LiuJ1 

jA ^JauJ! I_£J JaQ j jl 3 ~nj ^jJl CLl jaJI AAx] LjilSA L_Jji!j]l AAC. ^iiuaJ-ujj .A_iij]l 
jlaxj ^xa Lajj) AilxA S-l^lj AA^LaC. jjjj]ji oj£ ^_J] <uajLl (_Jj 3 Liuealjj sp ^~ Jajl jj]| 

. ( La lcjj Sjjj£ Cljlila. 
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Conclusions 


CjI^UHuuVI 10.4 


jLlj 4 4 j£^)^J! j* Jaia jIxjVI A-JjVj5 <>j 11 (_£i jj^U jJjll LuJJ V 

> I jl JbJ Jtf £& jll > > "o-Lair <jLj >J jLuVI >LL - sp 3 -M JSll jV LJ 

jIsuVI AjjLj 4fijJjLll eJiib-ftll ^jjll jJjiaJ C_ fllijj ^aJj ^l . jix-a ia» jJC. Clualj^Jl 
ОЦш11 ^Jc.j . j^l jll Лл_а11 CjIJ ^jjil L**1.W L£ ijlxjVI > jjjl J_Jliij| <La.j^j 
oJ-ujVI jj£j bjjili (J J^VI jj-alj*JI >j Ajj j‘q ic. Cjlc. j^a'S-a jli 4 jjJjLll 

.^JajuJl Ajla-ft ^ljj fijlc-l JJ^VI ^^Jc. jjajii Д_э1л. Cjl jjjIj £-g ; LajI j jLauVI AjjLL 

L_J jjjl o! Ojjj-^aII jj-ftlj (JLuij .4 \a\W j L_jL^jjuJI AjIL^. £-q ^ioikll IjA Vi 

j-ft jjL* 4iV ijbuVI >Ljj jl c>Sjj ciji 3 ^iV i jbuVI (_£jUJ ^jjjljll jjjjLll 

L-flJk JJ Clin. .<Lull J L_j\ -Ч П,Л AjlL^. JJJC-I" t^Ax-ftl! ^ n~NJ . sp 2 ~ Jajljj 4^. )hkS-i 
jl LxJLLa 4 j^.1 J jxj J j ^uul^. jA 4_3 jL^J1 l~l~\ jl 1 \\* A 4 -Laj. ^Jc. 4 L_jL^jjuJl 

>Uj < bjL^JI Jaj. jl ol*j L^jli 4<Lull LqI .LIaJj Ajj^. a_Jc. jj*j jl j^L'L ujL^jjuJI 

jA I j^A j . Л Jaj^-Q (J j^. j jiLuJ! (J jla (_jJc. $. 1 jjuj j^. ^Jc. jl^^jll j£-<u ^j] \}^ 4 jLuV I 

. "Яи jjLjll L_JJjljVl £-ft (JL^JI 


Questions 


JjLu^ 


j-o j!/j jjjjJI j -0 jj-ftjj sp ~ 4 m<all AjLuJ! j! j-ftll (Jx^. jL-u 4 jj£. 4 Lua . 1 

jl 1 Vl^-ftJ 4_jj£ .4jjJl > j^-1 J Q**VlC. j* jj£l jJJ II jj^)Ia jc. jj^jjlnll 

? jjs! j^Jl jc. 4. <J‘iVi ojLftll o jA jl jXBjjj 

(J jia j-o jjxj СУ Jajljj (_^jl*-ft-ft <_gJc. Lj J-ftC* 4.** пЭ1 J^JI 4 fil W, jl j! ^uJaj! .2 

jc. 1 jJxi 4 jjJjLll ajjl I j jxua ^LjjVI ^ajjjj j1,V<Lj jjjj£ jjjj^ 4 -LjI j 

. ^Jj-aV 1 ^JajuiaI! j-LuiaII 


Ajc. jill Sj^.jll jl j . Aj jjL 4_jjjL1 Ljoj! jj^j Dicalcogenides ^LajjVl jjx-L! .3 

jjuujl . ^AJjui! jjul 4." U jlj^ AjjLL 4 f\ \ x'i £-c 4_^J3u-a jljuJI fij^J AJjujLuiV! Ajjjjll 

^j|_3j-£ 3 j-ft AijSlftll <alx-(JI ^ jlajuJl 4jjLujjjjA jj^i ^jI! A_i^.jljJjiall jC-ljjll 


• (Dicalcogenides) ЯоИдп! Я_п jx^ 
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(JjJaSj Л j-o j-o Я1£-и j-oj A l^J Aijjx-o c jV! -l^j-J V 

l^j£-aj Jje ^jiLjj ^ jAijl! ^LS-aj Ja .(Square lattices) AjujaII 4jSu*i'I 
(j\x'n L<u3 Д Li j-<JI j-«JI L-ixjJaSlj o jill Jallj jjoSL ^^^^jji! аЛД (JjS x'in 

. A i j aQ -л \ \ l ** il ^ j*'i\\ 4 j-v \ l j 4 jl L>\ l C__ljl j^SL 


.4 


l_j j4*£ CjIj J,-q 4\I ^gJc. LjiUa (ajc-LjoJ! JHLV!) cjLc.LjaJ! JjjJaij с._ iu» l-L -д .5 

. 4jj_*j!Aj_*j jja! ja. A *ч jix-a j-<uJa 


■l '<a_)S . jja! j^J! u'j c!jLj!j^J ^i t n) (j jjL i__jjjjV jjjIU! -Laj^-U! .6 

Ajjj J! A^Luk^AjC-Ljoi (JI£juj! ^ jj U_aLjaJ Lo-ljc. c /l) Cll! jujjjJ! jjxjj 
tiljjjjjj Ajc.LxjJ! j <jjoiLa^J! (Jl£jujV! c’ п*ч <j-al_iJ! <SL^_SI Jaia ^Slc. ?^^-qLjj L_ijjj! 

.(iljjjoui JaLj ^^9 


(J^*_a (_)л1л_л (__Jj£l ^aJ .e ^ jjSlj^. 4 ~\)kks-i ja ojJ ^La-uiS! AiUa C_Jj£l .7 

jJa3 (_ L-Vi jj .K ^ jjs! j^. A ~4jL-o\ ^oji (J^S ^cJ jJsaJI AiUall jl) jjij5j1! 

e S! j-o jj*-o 0 -oU Д_!!л£ ajjL£ j£-aj ^JajuiA ц£ jjL i__j jjj! AiL^. ^^^ic. ^L-aU! 

?0-oU! !La ja Lo .k \! j 
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jaaLIJI 


ljUj jA ji!) 

♦♦v** v 


Fullerenes 

( LjJ J •<_ У> (fJ* 


ljn%jS Lm^jS AjlaIa tfhajMl 

(••) . u 

v ' uiaLmjJ . jjj (jun 


hn'yjfl c j jlA j jjjmj AuK cf Um£ll ^ui£ 


TNT Ji J Ji _S! C 60 6- : «s^jM «aWft 1.5 

Families of Fullerenes: From C 60 to TNT 

Discovery LituuSV! 1.1.5 

jj>*VlC. <1 a j-o jj£l j .«u/i j-o l.l^.lj 1 jx^i'lC- (JIaJ jjJj£ll jl jpa ^C.jll LT^ 

C-lij 1.1^. 4 -oIa e-lij A_lJ JIaJj tA»jiln'l ^ LjJ^. Ijj^ t. lar.\j All Vj 4L_fljjx-o ^Liaj^ 
jjJj^ll ^j jj jA ^jujL^JI jj-lll 11 a L-lluJl J j*_3 .AjjjLjll ^lj AjjjLlll j! J-Ul 
cA_iaA1 jj^VI 4_i^.j]jaa] 1 A_x_nJa]l CIsLj^ja jA ,ii.ix]l jlj .SJ-ixiAj <alH-A jjl jlaJ lajl jjII 

jjA^llj c(Proteins) cjLjijjjJlj c(Carbohydrates) cil jAjAjjj^I ^JLlJI Jjj^ 
jjjj^ll AjjiJl Jajljjll ^^Jc. jjj£ ^j Aaj*j (DNA) l^jj^I jjaA^Jlj c(Lipids) 
Jajljj jA o JJ^VI aJUJI . ji^jjjg,]! j c j .V4 .UjAVI J 6 ji^jjlii]] (J-Lo t^jj^.1 CIjIjJ 
2_ia^. Jj а_1лп1Ь AaL^JI Alill ^jAlh (djL jjj£jj^j^J 1J jj^.jj^j^Jl jjjjiil 


( ’ Harry C. Dorn, Department of Chemisty, Vergenia Tech, Blacksburg, VA. 

James, C. Duchamp, Department of Chemistry, Emory and Henry College, 
Emroy, VA. 
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jjjj^l! cuL^ja . (JjjJI j jSjj jjjjJ! j ^.xnUI jlxl!) ajIjjjjI! cIjL^jIaII 

.AjjjJaxll e\j*0 jjjjjC 4_ix-oLaJI <jjIj]| AjjaJI ^^Э s.I_iaj£)I L_3^L)a] c. ViSa JS Jn аЛЛ 
OjKjJ ^э V] cj^.jj V (jjjj^ll (jl cLolc. 30 (Jj3 Lq а!л IjjLuj jlij&Vl jl^ 

jkl jjJJ^ t-il J^ £-o Jaii JjljI JJJ jjJjill jl t^^ixJ ILAj ^(Allotropic) (jjL^aLiL 
AjjjUI AjjjII j (Sparkling) (jlLll i—L-a jj cjjjLJI Л <jjaulb .jjLJIj cLualjxlb !)LLoa 
^xjj! ^х-о iaj|j!L j^lll sp 4 Wg a\\ jjjjill cjjj tiLLaj jjjla jC <1 AjLslII 6 jj-all 

Ajc-Lj aLu£-q (3D-Lattice) cLxjVI 4_ijL Aj£jj 1 ^ (1.5 J£2i]!) (_$j^.I jjjj^ cjljL 
t jjLuJI Jj-aJI ^uJajjQ jA Lo£ jj^. ^ .(109.5° t Jajljjll L! j j C-C-C) 4-^.jVI 

j-o <jj£-o l^i! 1^1 c_L-aj J-Ca^lj cLaLaj 4 ql'A (^xjLuj]! j-aL-aj]l ^1э) CljJ^ljx]! Ajjj 
cJajl jjll L1 jj C-C-C) 7t Jnjl JJ С1з! j! .Ia £-0 <jj^A Sp 2 (j -0 I-UJ j £-0 A_J_ujjI Ajoj L-fljl kS~i 

oCA ^aj .AjjjL A_1uj! Ajuj 4_ш j )-o aIjLj Lqj 1.5 (JS juJI ^Э jjxo jA La£ (120° 
Alc. 1 Ag j n 3 3 ^^Ac. cLucVL Jj£! ^-jjJajJ jjjjLJ! jjjl^J li^. Ц qV'A aII j-all х-аЧ 11 
(Delocalized) Igjti ja c.ia-JI jjc. 7 t Jajj]! 4^iA cJLlL! Jjjjuj ^^Jc. .(jjjLl! j ju * u' l 
aS uj'l jj^. ^э . (JjLJL AijLLo cIjj^Ijx!] ^Jc-LH AjjLj^£ 1I A_Ax-aj-o]l Jlxj cij^ljxl] 


. jjjLJ] й jjajJI aJ)Lu<a]! jc. AJjjjabJ! jjjLJI ^Э sp 3 aIjLHJ! <jaALou]I 4_3ji]l 



'JA j-o f j^) 4 jjjL uil ja. 4 ujC- j (jLuuI!) 


2 < 



prespective) ^jlj-ijlj jjlal^ j^) 1966 ^lc. jjj^ jjSI j-a ^с. jJI ^^lc. 

Jj^.j Я_л1£аЬ j-aUJIj (( New Scientist) <. "u * nn lu» jij <U-a ^ jjjIIaII Daedulus 

Лл J <1 uj jjJjoiC. j-Q L_jjb Lq ^3j jU 4 jjJj£ bllbjj^. U -0 jj^A Lu 9 j^»a (JJjL (J-£^3 


^lc. l (Rick Smalley) uLj JLuu: AuuAj jj jajIj UaU jA cjjjs *IS j! Ullj 

ajJjVj» II UjIc. ja^-aI! juj^j (jjjil! ILa jl£ .UjLt 3 ji]| &ла j-o Ljjj^i (jiVill ^э 1980 
Я -jjj'q i» II ^aL^aJI j-jLjil jx-a (j ji — jj/2 jtg-^. ^al .w"uuL Д KL‘nx>ll AjjLI! (Clusters) 
^Ьа£ jjj^ лэ jl£j 6 (2.5 (JUaII) (Laser - supersonic cluster beam apparatus) 

.((JjlAall! ijlilA]! (JjJjuJ ^^-ic.) J-Uialjc. йЛл] AjJjVl» II £_ 1 aU»a]! 


jlaj]l ( jj.iSxj.iLuj <»_aU. (Ja jjlj jlilujl) jjjj£ (_^j!a ^jLl c 1984 ^lc. ^э j 
CS j=J ийШ1 J J ўЧ\ &ЛЛ (j£-ujj JajjjoiJ <а1алА1 iuj.ii Я -jJ j'q'j» II jjjjill UjIc. ja~4 a 

4 Aj^jij*]! jjjj^]l UjIc. ja~n a jjlvn jjjill I^j LoAic-j .a]DLax]! g.1 jA^kll ^aj'N ill 
jj^.j (Analytical Mass Spectrometry) 0 . 14 VI I I i ЬЬИ j^La JjLk ja I jL^-V 

I jA-^V J .ojj (jjjjb (jjjjj (jA <jj^A jjJj£ Uj! jj (jA 4_i^. jj Л|ЛсЬ Ujlc. JA~N A 

720 <]j£ (Jjbj ajJJ^ Ajjj 4 _|j£ jA jjjL] LLu*.j A n» a L_fl jjla (JJa ^Э 4U]]j ^ 
^jj лэ^ .(3.5 (J^j]l) jjjj^ jji 60 <Sj^ (jjLujj ^jill ( jjjjjJ! 4_Sj£ с1а!лл . jj LujIIa) 

j jj 70 I <ЬЬа11 a IjSII) 840 (JU*i Ajji jljjb <]j£ j^A jjji ( д! /inSI ui]j 

60) (Jjlij <_5^ 720 ajjL]I 4 IjSII Uj! j jjjj]! j! jjji]! tj]jj I_a jlcjjuij ^ ^( jj^j^ 
^ijjxAll (Polyhedra) ^-jVI с 1 з!лл» 11 а Jl£Uj! jA jjj j£ ^gjj^. ^ <Lul 1 a ( jjjj^ Sji 
(j j j£]l J^jb]! 1 ла .(l h (JjLoj) 4 (Truncated Icosahedron) jjLa L^.jV! ^jjj2c. ^uL 
<jj 4 ."п*ч a. w"iaII UjIjVj]! ^bjjjuib (Foot ball) ^лз oj^ ^alLt]! jji A» a (jj] l_ajj»_a 
ILa Soccerball — I! JUi jl .(3.5 (JUil!) (Soccerball) Aj£ jjaVI ^лаИ a jSL C-ijJXA 
(Buckminster Fuller) jl ji jLUa^jj JjS jA 4 _x-aLLj 4 *a jU» Jl JU-a ^ l-ii^. l_ 9 jj»_a 

.^uJaLd]! jjSJI ^э jbil! <iujli]!j ^Uix]! л^.1 jU (jj]l 


jjjIa (jjjiil jiLI j iLjbJjjll ©ja JbU 840 j 720 jjjj»JL jjilj^ll jijlA jajIj jjja lU ^ ^ 
jl£ j tl jjL ЬЛЬ jl£ JjVl jV (Lone Ranger and Tonto) "^jllil j ^jil j^jU]I" UaUj jjj jjj]l 

.LuL LjIj jj^,VI 
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jj£ 



J.ISS1I Ле -J 


Ja Д -jl 


^JJJJ 

C 

^u' 


1Кш 


- -V.V.V 


.1 , !-'lH|ljyi 

llVilmnVWVW 


44 32 60 6 в 76 64 

AjJjijfr <c. jAa-e JSI tlil jj JJC. 


AjHiil LiLJaVI . jA4jil .AjjJjUI AjjajII jl^a. . jloull . jJjISL jjUjjjijiil jjJjj 2.5 JSjjJI 
jj jjL 1 j^jjUI qm) 4 Ша. j jijjia Jla j jjjSJI jj ajiju AjJjijfr Jilc. j.v\ д! 

.(NPGjjjuH AaujJaJI Zc. ja-s. л 

Sjj*jj ^“'1 jjL s-ljjll I j.^il ij IjjIj (Bucky ^^jjuoLall) jJji jLulaSjj jl£ Jal 

IjSa j .(Geodesic domes) 4 ,uj;J j;-^ il l_jLj 1I *lij J LujL)/ tAjjLutjJI l*LI jjJ Ал. jVI 

СбО j J 1 jLll о j£ ^_L- (JJjlj jj j 3 jlial 4 j JA j jl ;^;5\l AjjLutji]l 4 , ,, ' j II 'j jL j jJi 
jl/ J Jj Jjl j£ Jj Jxj Цй Cjjj-ajLl ^jill jJjulaSj jj jL jj AjajoJ ‘j JjJjLI 

• uHjLjj^jJ jill 


Production jrliWl 2.1.5 

liLuii£l j (3^^ cJ^ o-° j Сбо sLujj^l jl (j-o сг^ 

j)-Q tiLuj (J^ -л jL-a 4i! 1980 ^alc- J±.\ j! 4 j\jJ 3jjJa3 jLIa 4i! VI tAjlxll La^ -л 



JlLuiV! (Soccerball) — i! ^>&1\ S j£ jajj (jLju]| ^!) . /ioii^i ^jJji 3.5 J£JJ! 
cP! • C 60 -1! JjLuilaa. jljj| j iJauijll •СбО —II jj£j j^jll Ajuiliullj <LuiLaJI 

.(Toluene) jj jL jLI J C 6 o -o^' 
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dusl jU' < j • 




j-ijiii 



L. j2UI i> и-У- 

jjujtiij. 

.JJ^ll 

jliil iji-l* 


oLiaSLj 1j_^juS 1 © j_^*uLo i>J~- Сй_»Ь* 


«H u' <> 


c,. c « c c « c r 

U ei V 'W » 


Kratschmer- oI^ja-joaaIjI j£ jl^ .jluall ^! .LajlJb jjj^jill 4.5 Jluill 
.4 SiljA uLLjL j 3 ^jliill t fljkll jjjj . jjaJI ^J! .Huffman 


<1 Jj,Wx>ll ^Lijyi c. I u*n Jjjjljillj 4j-aLiJI C1jLujIj^]I tciilJ ^lc- oj!>lc. 

<х_л 1 _^. ^) jLaSjAj jiajujjIj^ ^l£ C 1 9 89 ^Lc. ^j . (JjjjIj jjJ]! L_JjL^J L 5 ^ 

^ l^jLoij^j lil£ ^lil! jI jaII AjLoij £i bjn^A jjjj^ll j* ^! ji! ^Ujl Я] jL^-aj (lij jjjl 

JjV I Sja 1 ]j jLbJJ! I лл jJu 1 1 990 ^lc Jj . (Interstellar dust) ? Jjj L jU 
(Electric arc) ^Lj^il (_Hjiil jlgi?. J 4n.Ljl jSuu Сйо — II LmaLkj jjjjjill jl 

jlj . juLi. j)L j-i j^. ullj3ljj]l ju jLijJaS j; ~L jj ^jj tAijjla]l oU^u .(4.5 j^juil) 

jjjj£ll £-л j L л L ■ j лу. LajjLil ujjj -uV j^. La (Buffer gas) -jLmil jliJI jju 
^•jljJJ L j. x ja jujJaj ^L-a jl_x£ ^aj).)Lg II ia^.j] ЛЗ jl£ ^Li) (^jJc-l j*ij • J'VUaII 
jIaSjA j jjajajIj^ jLgJ^. jSjj t JU C-ijjIa jJa ^Li^Jj *200 tOIT ^) 100 tOIT JJJ 

^j ^j .(C 70 j Сбо u-^!-£ c-1^4) u^jJji]! L>a X 15 J! 5 ju ч - 3 

Jlo c4_Ja5jjoiA jjc> 4 ql'i^xt CLl пЛа ^^9 jLjLl] JjL jjjjjill ja Lajl4 II !л& jl !j^.ja 
l_j!aa1 ! jj jjJ jil! c4_L^.jaJ! dLa . jjjjjl! j jjjj£]l ,iiijjj£ ^L tjjjljjll 

UjLbjjlji ^^^.j C 92 ‘C 88 tC 84 бС 70 ^C 60 ) Ujlijjjlji]! li»-* LajU ^^lc. LjI^a 
I g j jc. ciiLj jJ jil! jj -лэ Ujjl£ 4 _i]L]! 0 jItnI! j .4.5 j^ *jll jjja j^ L£ (сз^! 

( High Performance Liquid *LVI Jlc jjLJI c_al jcjjLajjill Aiiju Sulc. — (_>э*и11 
i<.bju “LjjL j U ‘ ■aa J^Lli CuLjjijail jjSj t l^ujfljj Uxu .Chromatography - HPLC) 
j« J_A? Jij^j^ <J5 JS-LjJ ‘(jijijii' tjbuiil jnu (_д- 1 с.) Jjkmil J j£lj 
Jjti.jl jjlilj ‘(3.5 j^nil jiiil) СбО — i (_jul J^. jV I jjiil JUail jjjju Jc. tAc-jj 

.C 70 — ii cff ^Jjjl l 
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(jljjJaS i fiJj>u ^^3 (u_l]Lj^]l j JfLnJI (JLo) jjlxuoJI (jiaxu AiljJaj (_£ j]j 

iS I) Bethune jjljjj 6 (NEC) Ijima Ln>rt цл Jji ц-а Jilaba JILj СЯР ‘Cjjil 
(Single Walled Nanotubes-SWNTs) jlj^JI vpLJ AjjjUll l_jjjIjVI jl t(lBM ^l ^ 

(_jj-aUl A '\\ks-i jl ^jjjuj La£ t jLa3 jA — jJ-Gjjujl j£ jLg-> LjJajl j£-oJ 

j* <j-saLk j Д jvl» X) Alujl^l jl j J i$ j jlx-e ^ I j j jl ]Л*ч j] t (J jVl 4_l^.b j-o . ^jji jLuJl 

^i ( Sc, Y, La, Gd i JLLall Jj±ui ^lc.) ojjbll AjjJajYI jj-aljxJI j (III) AjHjJI <c j-a^xdl 
Metallofullerenes gUjx» j^jbji JljjjAjjjl jbj tAijauJI duil j> Jl jli-Jai 
jjjlll (jjia ^l,w"uJ j£_<u tlljLj oj^i ^j La£ j .oljjl ^jJajji jA La£ ^ ^ endohedral 
^LiY (Solar generators) Ajjouuj AiUa CiljljA ^bVuJ j£-ajj . jjjjJjill jljc-V 
^rljjVI j^]j c c." nq| j>]l jjjj^ j-o с_алд ^lc ЯхЛ jj£jj jjLk jj Cjljj jjI jill 

.<Lijla]l ajA <iajujljj Ixijjj jjfL Y ojlc. 


<>.jj jjxiijj UjI jj jjjuj j^la. j-Q Cjljj Jj] ji]l jjJaaj ^aJ cSjjVLfl VjjVI ^^-3 

Cjljjjj] ji]l jS jujJJ (1800 K) A jJaiW-a a jl ja. ujl>.jj Ajc t jl!iA]| jj u» ^ic .ojljaJI 

(Precursors) cjlliUuJI J\ jj jiUI ^l jVlub ( j jja^ jja^YI j) (Sooted) ^Vuu* 

AjjLi» II Cjli jj j£ jjjj^J] (_£jl jaJI (JbLajYI A-lajujl jJ cillj^ j .(_£ jaVI bjjj j£j jjjg-ll 

jji jj 6 jj^ а 1 jjVVI jL-VI . cjlllaJI Sjjxlft (Aromatic Hydrocarbons Pyrolysis) 

J^UjYI ^ jWujl iil]j£ tLjajl .Ди cjl ja. CjUjj Aic Sja luuo SjjjJjuj ^i Cjljjjj]ji]l 

tjlj-dl Jjfuj ^jJc) Cjl j j j]l o jjxj -й Aj jiaxJI Cjljjjj£jjjj^J] (Pyrolysis) Ujlj^JI 
.(Argon stream) j»jVI j* jLj Jvb 1300 K jjc. cjLujJ ji]l ^ju-V ^_i ( jJLiJI 


Formation JjLuuJI S jjjj*- 3 . 1.5 

Yj c<aiia-A j Lc. jILq j jlaJ сСбО lJL» td jLjjJji ^-bil Auilj-aJ j-o ^C jll 

^jbj$£]l (jjjill AijjJaJ ftjlc A lj^>ll CjLjjaJI ojA ^bil jl VuaA jU jjUll j)-o 4 j! 

SjLJ JJ cjLuj Ui jj jC jj I jA j .3000 K ^^ic jJ JJ 'ijl ja. jjUjj jjc cAjjjJajill 

- л 

jjJJ^JI jlj-Q jVil Lojic jj£jaj]| OJjJJjul CjljAA La llg-lA c4,\ UuVI j)-Q jjjxJl 


Cjljj <^к. oljjjJja (endohedral metalofullerenes) ljjjJ j^ Jl jJjaj-J^* 

• LjLj^ (JaL uLj^'no jl ujLjjI jl <jsLjal 


208 



j* bdjjj t^cjL (jjjLJ^I ^jia. jlJ Clual_jitJI jI*I 1 ujjV jj^. (jg& t^jL^ljxJl 

(Endohedral (JjjJjS Jl j-i jAj^VI jl jjjJjill j-o e jjj^ cilb 

dualjaJI jl u>i°i Jl AiLja-a -IlujILI j I / j jjLt -л £_-o Ajjjlj l-jjjLI jl Metalofullerenes) 

C.“ Uj.nl ( djl jLolaII ) jLuIaII 1лд <j]I jl j-Q ^C.j]l <^Jc.J .^jLj^L]! JJjill 0 J J JJjuJ ^Э 

4_i£ja. bjjJJjuJ jLa] ц^-Э ^aJJ C 60 J* x'j'l j\j L_ flljJC-VI 1-lfJ 1-^-jl V] tLoLoj Я -ajg Aa 
^ lc- 6 jblc. .СбО j-° Jfj£j JJ^l С1пз1 jaJl ^^j-qLjJ jaJUI jl jSlutfl jV tlg jlc. jJaJjui -0 

JJAjujI j£ U J-Q ^Э -^LxJuuIa]! jjj;i] jill Ljl*4 (^g -Э C 70 ]l O^l^ j-Qjg J C 6 0 jl^ 

t^jjjull JJ) 4.5 JL-uJl jjf^ jA Lo£ (1/5 ~ Lijuijj ^jLj^£]I ^guujjill jLiijA — 


CjL cil]i£ .^£j*LjJ J-OJJ jl jijjuil Ji£l C 70 j^jL jil] jl lijJ»_A ‘-HlL (ji]l <«!j3j]! C5^ -3 

Cjlji (Jj^juoj ^jj (5.5 J^]l) i> " \.^l jf-]l jjj^jj ^э JjVI LUVI 0 jl'i'sll jl LoLu lijjx-o 
^aJj .C n ( Л = 1-7) (_£ji]l jjJj^ll L>° 0 JJ» AjJjijc CjIx. j^-4-q JyJ jjjj^]! 


• 13 c/ 12, 


C jjJjlVJl Jalk L_Jjl_fj ^al Л WiL dllc. j-oa-A оЛС (Jj 3 j-o 0 jLj]l йЛА j-o jqVjll 


0 jj» Ajlak (JjuibLuj 0 jj» »-all LjJjSj» II CjIc. j^'s-all (J£jujj t AuejlSJ! Aj]VI o jlaVll ^э 
jjJalj .Cn (n = 7 - Ю) (juLI ^_i (Monocyclics) aILJI LjLL cLjja. jjLjj 
^gjj ^JJ ^jja. j LjliWH o^jxj-Q UjLj j^. j tjj^l dilila. ^JJ ojA 4iLJ! LjLL clLjjaJl 


jjjj£ oji jjj^L jia ^gJJ CjLjj^J! oJa j-ojij Lo^jcj .(Bicyclic) LjLj Jjj jjj^ 
jjjU! AjIaC. LJVl oJa .Ig, Jj-o ^Э 4a.jaJl AjaAVI j] .UjLjjj]j3 1 c jj£! j 

AjL-aSf! 5-ij_jjjLll CjllijJjall j-a g-JI ^jJaajj I^ILluiIjj ^l (Annealing process) 
(Isomerizes) Jjajiia 4_ijlc. ^ jAl CjUjja. diLal | 'A, A j ЯаШ1 aJIc. (Precursor) 
JajiuJa Jjc. t (^ jjlg.ll 0 jlc.) t jL-oll j-ol^Jl jlxJI c. . \я Ij clj^A j . UjLj jj] ji ^Ju-alJ LL^.V 

Ijj-^ ^(Energy deactivation) AiUall ^J j (200 _ 100 torr) Lf^U Д -xij j-q 

. jj jj] ji]| Jj^jujj ^э LjuiLuj! 


ajjujLa^ JI£juj! jjj^j jA A_Ll^_j]l jjUUl 4 jLc. ^_-q ja.1 J-^lc. ^uU j 

LaJauui* 4uauix-a j-o Luj jij Ujj La A_i-el_j]l A_iL-aVl jjjj]ji]l CliLjja. ^Э ^^LjaVI 


Jj£uujj A_i]l ^Э ^-LLjaVl AjuujLia. JILjuiV! jj^ L L-aj ^aJ ЛЭ j .^^LjaVl AjjujIUuj A )"пэ! jC. 
JjLjujj jl L-iajl «. a j j*_a 1! j-o j . . . jj jj] ji]l CuLj£ jj j£j] Ail jL! ^ i.wjj jj jj] jil! 


(Dangling bonds) Я -iblUI Jajljjll ЛЛс. j-o JIL ^LLUal ^^uujI-Iuj jx ^LLUa! ^^umL&a. 
^Jl AjL'LH Jailjj]! Л -jC. j-o JJL (AjjLuJ! L_fll jlaVl plij]|) JliflVI J 4 _iaL 4 n» -о A_ijj ^Э 
JK xj)L/ 1 j-Q j-a j-L! ^sluJaV 1 jl jiju-uV 1 jL-uiaJL L-iajl ^ i j-G-J! 1 iA -l^L j . jau-a]l 
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йЛс.1з" 1 Слаахм ajc-Ui^ aj&Lla]l аЛА - '~ ’•» ■ ja j ^3j . jaj]I 4_iLftC 4_]jj*-ft]l 4 \ . .Л -v II 

jjjj l^jb (jiil <ijj»_ft]! (Isolated Pentagon Rule - IPR) jl " Jj j*_a]! ^^-uiLlLII 

J 4_iajjjA]l j! SjjL_ft]l di!_ijai!_4^]l елс. j_ft J 1 j !_<1л dilljjj] jii] LiLjaj 1 j! jLLojI 

jL ftJI .>%j^ll LLLLi]! (Motifs) 4_i_jL_iLfl ^ .'.' V v 1 j*_aLic- j_<i _ti]L ^ 1 - 1 glijjj 

jS j_all ^ ia.lj]l jA (Сбо сИ JjW^) (Motif) (^jjjLoiVl (JS_jft]l jj .6.5 

j iiaL. Jajjj (jjil [(6‘6) Bond linking] Jajljjil 4 _LjI j ^^-ojoij Lo AjJ (jill (Meta) 

^-ujI.1uj jjjlLl Auj (j^J jJojQ (.5^ t 

.(^LujVI cJ^J' 



. (jLaSjA ” j\ a* *п1 jl^A ^2 4 Jfj Ь)Л1 р CjUjjjJ jiJI JjLuu 5.5 
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.(JjjJ ji 11 A^LiaAJ! 4_ilc.li!iJ! ^ AjIslII ^_a L-bjl Motif ^UVl (jLaJ! jl 

4iV [ 6 ^ 5 ] — j)Jjjlj3 — 60 — I h ] 4-ib bjAUa ^a^ill (J^JOI СбО L (jLoJ tl^Aj 


^gic. (J jWj (J£jo 1 ^Э jjJj^ Sji (JJJjol j)A <j J^A AJjoiIAjuJJ AJjujLa^. Cjlik j)A jj£jj 

jj Ajjiai j-o L_fljjx-o jA La£ бС п jJJjJ J^ IPR il ^-aj^iJ tl .L^. J jj jjuic« 

2 _a ^jjLLlIa 4^.jV I ^^jujI^joi (n/2) _ 10 j Li^La^. 12 LajU tilljA jb (Euler's theorem) 
jiaLliJ! jl - [6 6 5] jj jj j3 — 60 “ I h • jj jU jiil ^l Ajjudjlb Lliujl Ajuj Lg_^.j 20 
j уъ IPR CjljjjjljB j-o c n (^l^* L^ji^ jAj ‘^Cji j-e .Ijji Ujajl jA 4 l^.jV! ^^-iljjuic. 


^gic-j .I h jiaLiil! A_iil£-o] djlj j jjj^ ciilji (n = 60, 80, 140, 200, 260, . . .) <LAjm 
oiclii L’ ji n ^! C 60 jjjjJjiJ! 4_ш l *- J L djljAjjjV! (j-o IsV! Usj^ ^jiLiA j! j-o ^c.ji! 
^guuil аЧИ *jjc.la jA jjjU j3 ji-^a! jA t [6 ^ 5] jjjjJjS - 60 — I h — j 4 \\ a \ a — S! cIPR 
l*£l j ^XjaSn Я -iJuiLi^. diliL. (j jUaii! Paramotif g^LV! (JLill j] *(lPR) Jjj*LI 

JLU! ^uJajJ .(6*6) jqiUl (J^-aji! <LjI j L^Jll jLj t jjaxii! 1 g j j)C. <i ju-aiA 
4_Ш jA J^qqll !L jlj 1 a\c Л g ~Ч j jjjjuixi! (Jj CgQ- I 6 J-^qJl 4 ilAJ.il jJ !L ^uujLujVI 


Axijill ciAjjja. jj£i j .(Electronic open-shell structure) Ajjjjiil] Aj^jA^ Яха^э 

Cgo“Ih U J La^ t(filjj! jLjl) 4 \qq a\I CjljjjL! <хэ j3 jA !j! jiijuj! js! SjIc. ju^jiiAi! 

сб jajjuiA jjlxA j)A j-alis! jc. а^!1а! tiiiliA j£ij .(^ljjl jLj!) jV! ^ji^ ^ijjx-o jL (U 

^lJi\ JiJJ! J! Jnlbj .La 2 @C S0 j ‘(eUj jJ) SC 3 N @C 80 J L_fljXJ 

^j^Ijca]! l Uaj! 'аЬ aJLL! o Lb л_л <LaV!j IPR ■ Jli. , , a t j\ 

(Endohedral metallofullerenes (SC 3 N@C6 8 , Jlj-^j-Ll oILjj]j311ia] 1£ SjiLuiA]! 


• Sc 2 @C 6 6) 



.(Para) (iLuJ! is jLa-aJI) I jL .(ju La) LLa . ( s ^jIS) > i jji : jjj-Ijil! 6.5 JiJJI 
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Cs4 ‘C 78 6C76 J^^l CllLjjjJjill J ‘(Jjj*-UI C70 (j^jLjil! ^JLk Jj <iJ^ulb L! 

(J£ ^Э LluLa^. jLoC. ^jj! Ac. J)X >~4 X) Lg £_a IPR Cj^j -la^jl £*Э 4 jVl l^Jjc. ^»J ^jil! 

jl Ljajl ^LqjA^U jjLaII j-Qj «(Cg4 1 32 ) AjjujI^joiII 4 _^jV! ^^Э 6j\jj £-0 c jjjj] j 3 

jli CC70 J) <J-uiilLi 3 .(Jal IjJallj 0 jlc. jg h*i 0 jjj£JI Claljjjjljill j-o .liCxll 

Jj ajuuILj .D 5h j^Uj £_a (Ellipsoidal) (jj -^Ци j£jJi jilouJlj Jjjx-UI jjAjjjbU 
4 ni J*< 1 X 4(Empty cage high follerine) ‘^Lkll j-aiill CjI j S jjuill CuLjjJjill 
Sjblc. .( 7.5 (J£cil!) C84 dilj-ojjjl ^.V D 2 d j 6C76 — ^ Cj|j-ojjj| D 2 i<lLoVI 
Sjjj£ 1 I CuIjjjjI jill < 1 L. ^i jjj£ J^rjj dj| j-ojjjVI ScLjj IPR «^лс. ^c-o-uLj ccilli (j-L. 

•^84 J c C 78 ‘C76 ‘C70 jLa 

Properties o^jLuaiJ) .4.1.5 

oC^J AujjJjilVI 4 _ii 2 l J CuLjjjI jill ^-Э ^ Ajjjj-Ja (j^uUai! 4 laVi tilljA 
jjjjljill £(_£ j^. ^Lj 1 T£aJ tJajuU-Q j-o sJ-iij! j .4 U'Lll 4 jjj£II Ajj jj j£ 3 l j-ali^VI 
^jjjil jjjj£ Culji (j-o (jlLjj j! t jj,w*JI ^-^j ^^^Jc. Lj^Ajj . jjjj£ll Cjlji j-o Сбо 
j-Q Ajj£-o jil£j cj iLjjj£I| Axjj! j tSljjll l_jj 3 <x_jJa jlLI (ls) Ajj^j-L! CjLjjj£IVI 
<ljj*_A jjjj£ aji jji-uj Cjjl^j! lili .( 2 p) CliLjjj£lj Aj!uL j-Qj ( 2 s) -l^-! j jjjj£lj 
CjLjjj^IJ (jA Aj^L (jli t sp 2 4 Wg a CjIjI^a ^ aLj! jja Sj£ I jKt'i j 46 - 1^1 j <хэс 
(^ Wg a sp 2 CjIjIaa Aj^L) g .LjIjj hj (J^-uliuj jjjj£ Sji (J£ ^Ic. <xjjV! jil£U! 

j£ ^Ic. I j£jAA c^.!j p ^c-L-uj j!aa iilL& jjfL c_fljjai с!с£д . LiCiA p j!ca 60 £-q 

.60 — 1! (jjjj£l! cjlji jA 



Qo Д C 70 D a C, 6 D, C m D, d 

4 Шх» 4-u .1 даЛ JlLuiVI AjjjJ ijS 7.5 JLuJI 
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-3 


Е о 


LUMO 


% % % % % НОМО 

t\L llL <LL dj - HL 3L HL Д L 

TV Tt I L' Tt' IU It 1 1* IU * t 


% % % % 

% % % 

+ 2 -- 

-n -*i i -II -i i -ii 

rt TP тр 

% % % 

+ 3 - J - % 

P ~ 36 kcal) .p J 511лд Ceo — I <j-Lj?JI Huckel JSjA Jia hh -чд 8.5 JLUI 

(2 

(Htickel Molecular Orbital- HMO) <»J1 J^jA jIa-q jVI 1 lil 

^LajaV! j£jjj L_a jj^ij t o -laj! jil! 4*; u*;, 4 _^JL*_a ^Tu*, t^^jjjilll -Lxuaul! 

aJslUouI! ajjj-al! оЛА <jJjj .ЯК ЛпЛ TZ -lajljj]! j-o Lg_Llij Laj p CIjIjIaa]! ^^Jc. 

LI^J Uj! Laj . 8.5 J^Jl ^jJajA jA U£ t^-Uj^J! ^JjJ-uiaII 1 п 1 т\ а! HMO J ju i 
.Uj> ! jI. 1 a Qjltji ^ г - J a U 1-Ьл] ^JjAaJ lil tp jI. 1 a 60 £a ]a . .уЛ\ ^g_i]l |ЛД 
(Highest Occupied ULaj Я] jaIaII AjlijaJI Cil jI^a]I ,ja j jjj\j d]]liA t^-Ja ja jA 1 а£ 
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SJjaIaII jjc. SjjjjaJI CjI jIaaII jji j j^.1 jjiDljj (Molecular Orbitals -HOMO's) 
— И (Ground State) AjjJajSd Я]Ьь. ^ (Unoccupied Molecular Orbitals -LUMO's) 
— 1ь jjjjJjiH jjk-all e^jjaJJ Яи jjjSJVI A,LS>in\l jl ,[6‘5] — jjjJjill — 60 — U 

IJ*j (MO'S Jajljjil ^ 60 — il Oljjjjiiyi j) J> Jj^j) jJiLa AjtSji jA [5‘6] — — 60 

jLgJal I Jaj| jSjiJ i J jjlajil jji (JjjjoiiiJI I^Jj -C(jj>JI IJa jljiiuV l-l^lj I u\ J (JjaJ 

Ял1д S jjj LiiALaj 4o5lc.l Jjkjil .1л Jj- ^JI SjjjS jjSj j (LUMO-HOMO) a j>4il 
^ jj>^jil <A*c. ^ ^jjjS jij-a (JS ^/^IkJI jjjilil jS? t(jl t j .;>g , "J I <Jji*J 1л> 
jl Lk .Uul^ijUI jljl j> L Lij c ^_il 4juuilj JkJI jA sp jjju^ ^ jjSj V Cjo 
7 t — ljI jIajJI 2s jjjjLJI jl j-ft Ja5Lli.l ^l (j j jj (^jjjjS jijji JS (_^i (_^jl£jJI (jjjiiil 

(CjjiljaJI) ^jiiil sp 2 — il ju ( Rehybridization) j .;>$"J I SjIc.1 MO's jJI <jjjj La 

C 60 i Яй o jjSij I LilL' 1 jjjjtj J\ jJt jjjujjil Sjlcl a jlftc. (j^jjj .(jjLftU sp ilj 

j jjj (ja (Electronegativity) AjjLuj^S ^j-icl Cj|j 2.65 eV Uuuiail <juiil 

. Jui Jj j£j J jjgJI jl J-ftil 



(Гс/ГС* (Jjli-a dll 

(> jiL 7 jj?. j-oJl j«) C 60 —1 tijjjil voltammogram <^jiil I I .9.5 JkJI 

. (•USjjaVI Д -uluujlil AjjtuiJI 
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j^)la (Jla 4-^1 jJjobQ 1п1т\<а qa 1 >.^i)\ ^ijJal jll ^ja 

Я1£}Й1 LUMO'S (J) ^JA^j (jl j£-aJ ^^Ml AjaL^a) CjIjjjj^]) 4jjj Я] j^-uaj (JjL <j' Сбо — 1 
Jjla_a aLLjaj£j j^£ J 1 ла iaa.5Lj .(Degenerate) ДК iJl 

^J (Сбо )" 1 JAji Сбо — 1 jjjJjJI/Jjjj^jjJjjVI 

AjoJjsII (_sjjJI AjjIjsII (jjba <_> L«S (Сбо) 6 j' (Hexaanion) jjjill jfL$JI 

.9.5 JjjJI ^ jjiA jA L«S ( Differential pulse voltammetry) AjLjalij]l AjJ=lu]I 

jjxji AjLjIj ($. jIaa l. jj_aj]l) Jjjjjl LUMO II (_^]| CjL jjj£]| AjLLi AiLjaj jj tLjajl 

jjxja J^jj K 3 C 60 j« AjL jjjSj (_gjj jjjjj ^jjjjLjjlj (Exohedral) (^jLlSI 4jxj]I 
Jjjjjj jAj ( jjjJI (_gJj 10.5 JLLll jiail) ( face-centered cubic (fcc)) 4a.j]l tjjfc ja 
K jfc Jij ojl ja. A_a,jj Aic. (JiU Jjjajj Aj^]j tAxijjx]l ojl jail jjL^jj jjc. (^gjLj^S 

Aj]lijjl Sjlja. CjLxjJ А 3 СбО 0 -—x 1 a AijU djLjjajA Cljjc.1 (JjLjiVI li^ ^ic-j .19 
jl jja. ^ .(33 K jic JUjil jjU Jjaaijj RbCs 2 C 6 0 — i c JliLo]! Jjju (_jit) Ailia- A 
i ■ ixja j j£jA ajjia. JLjij K 6 C 6 o Ajjj ^Jj (j jjj Aj^jLa. AjLoiL CjL jjj£]I AiL- AiLjaj 
Jjj^ijj 'ijji л] j5Jj t(jLjJI 10.5 J£L]I jiail) (body-centered cubic (bcc)) 

■ Ailxja ^Lj^£ 

LiAic. sAjjill !_g_il j]l jjjj]ji]l g I J a L (j_alja. jA 4 a£a ^JjLl o jja tii]l_iAj 
jjiijjS es-^Uj t hexane jy^JI tJLLI Jjjau (_gic.) a ЛзЛла]! j^ с 1 : 1 _ 11 Ла ]1 (_gi t-jjii 
a La-L I jl jiVI cija-jAA» l jiij .( jjjiJlj xylene jAjilj t carbon disulfide jjjj^il 
(_ji 0 Jjjaa_Ail t C 70 J C 6 0 — 1L (Jl Jjll ^gic. A_kjj ja]I (J jaLJI jAa.V Ij (_gjlja. jVIU 
( jj]a]l (jliai (_gj L_1 j J jxa]! __gj ^ j'X IV I aVI jA A_ajLj 1 1 jijjXA t(Jj]La-A 

(jji AxLVI (jUai (_gi (_Jji (j_al j-al ailU C 60 — L jl Lilc j .( 600 ШП - 400) tjijUI 
(_gj Ja]I £.|jj Lj (_g]j jjAJ (_V-al . JXIaLI lij& j^]j t(jJAjiL 300 (_JA Jil) 4 ( . Ljjil 

. JJAjiL 700 (_j]j VjJASJ 

CjIjL >ja> jl (_ji (Jjajj C 60 Ajj^jj (^i jjLajATU 'ojjja (jjLl Ljjjj SjjAj 

(_g_jj jiic- jJaLii]! jA Я] j j . aj _li] j jJaJaLL j£_AJj . LjLaj£ <UI£ja 60 i! j jJ jLil 

jjijil CjLaI jj (_gi djlaa. j] i Ja.1 j 'j j j L Jj л' V‘i,..Vl t Ljjjaij Liajl j t<a jjl 

Ajiii L*jj .( jjjlAll ^ «. ja. 143 ~) -143 ppm c NMR <jjjiil ( ^ ... ni-iL* aI I 

^ ^ 13 

. A ) \я X) (J АллЭ ^ aII 4_m]| (JajLua^. C (_£j^MI ^^^g-uuJalji-All (jjj^)]! 
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j £ ja yb ljs&a Ji-uu - K 6 C 60 jtuull ^Jl . ^ JjUuU joib 4uLuU c 60 10.5 (Jiuiil 

(face- AajD ^л£и K 3 C 60 • j^l ^l . (body-centered cubic (bcc))^JI 
.3 2 r^j^l ол AjjoL cjULu &л ijLU .centered cubic (fcc)) 

(jV jia «li.jJ ^ul Vj <C 60 Sl 4_nj Jaia Sl^lj jjJj£ 6 jj uIIUa j! £-o j 

Ajjuj! AuU! JlLuVt CjliU. jjj J£jojj jUjlUI jjjLfc .1^.1 .А_т1! йЛД ^^Э Jajljjll jLallL-Q 
.A-lujLa^JI — ajjujIauJ! (JI^jujV! diliL^. jjj j^U'n jLVIj c^Ajjuj!.1iuj — 4_njjl.iuj) 1 g m Laj 

<iaj| jl! ^jLLa ^Э SjUj (jlAJj co!)Lc.! Aijj-aj-U! (6*6) 4 _Uj! j ^jVI CllliUJ! j 
tjjLLU! ^Э . 1.38 A ] AjjLuia jjjj^ - jjjj^ 4 _Uj!j (JjU jj5L c." i ‘L^ jJja]! 

A Cy* (Jjla! La ^JJ (6^5) AjjujI аЧ\! Ajjuj! jluj]! (JI£jJuV! msl j^. (jij Alaj! j]| (J jU ^Jjj 

jj£! С 60 — II ^ L^j^j-U! Jajljjl! ^31 JA jl ^gic. jUijll 4-gj^j 1.45 

(Ja.Ii AjaAI CjIU I.")uij1 C 5 ^j (6*6) — AJjuj! Auil JllUV! -lajljj ^Э lljlAJ 

.LmUiJ JHUVI cjUk 

LiLabUI jl ^ic. C 60 Aj nU AjjjUI AjIiuJ! AjlUV! CjUUj UjIj jLl aj^U j-o 

jUall jlj C 60 — ]l ^ 1 10 A L^jljLi S jjU^ll cjUjj^JI jjj j £ ja Jj j £ ja jA 
Aj j i (jfUl j] j j jji jli LiLuiA ^_uLajj 4 1 Ja j 10 A • jA 4_т]1 ° i^J ^jj j^Jl 

jjjjll (jA j AjjjjuJl JjlUVI CjLuj! jj j-o iaj ulU£ .2.9 A AjjLuiUI (interatomic) 
— AjjjL a£jU ^ AiiaLk Яс. jjuJ jjlJ C 60 £(_£ j^U! jl ( 13 C NMR) (Jjjjll ^ i jla UxuJI 

1] ^jjjuJI ^jjj^Jl jljjjl! IJa jl j .(Lijx]l cj! j^. Laji ^э '-'Ю 1 ^ s ^) — 4_iL-a ЯИа. 

(jjLc. jjc j (Liquid-like) "(JjLu^'^^ja. Uljluj jA JijxJl Sjl ja. LajI ^ miimall C 60 
4_Аил11 ajLJl ^llij 249 K ^jc» 4_Ji 4^il]J (jJj AiL-jaVUj .AjL-£ 3 ajLa ^J <ixjj]U AjLxIJ 

jjla]l ^Э jjjxJI Цд jjAJjj .fcc ^jj^ ^JJ LLaJxjj ^ \ я*\а Ajjj j}A ^JLLjl JjL (J!>l_L j}A 

.249 K sIi^j “Ratchet phase ^ jjJa" a£j^.j 249 K jja j^. jl jjii 


fcc 9 а? сД' 9 _я-“ lj' 94 ‘ 


Ял 11 <ца jjjjj jjL ja (rachet phase) AiaLJI jji= (,) 

.(f^J 1 ^ 1 ) 
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Reactivity 

Fullerenes 


1 2.5 
1-2.5 


AjjjJaxJl jj£! (jl j^ijj cjl ^g.-all (j-o t djljj jj] jill Ajlc-li ^.g_a] 

^а\*ч\1 L_jjUJI (j-o j ! I j ^-qLqV! ц- jL^i! tj' 0 (Attack) l Jc.lij Lqj^-& Lo! (^SajLli lc.jjjj 
djjlc-lijll AjjjJax]! ^ljjjil! (jj ^ a'uiixi dl]j ^ic cJ\-L» jjLj • £(_£ j^- C5^ (jjJ ajL] 

(j! -lic. (C 6 H 6 ) (jjjiJ! djlilLbc luia. AijjxjJ! Electrophilic dAijjjflbLS <j^u — S! 

l^i (JjjU (_5-U! ^Uajjjj]! CjIjjJ^J! ^лкж x> SLjLuj ДЛл. oiAj .(jjjij]! Alk. ~ч j jj 
JiLJI ^ckull cj! i cjljjjj] jil! (jli .(Closed surface shell) JaL> <L*ijS 

.(jjjj] jil! ^-ku] Exohedral (_^.jLl]I 4_^.j]] (^iclii ^ j^_& j-cljc. AiLdaLj iais 

Lix3jj liua j jjj dj\jjjj]jill Lnuj A_Jlxi! AjjjjjiiV! <i!V! (jli tdlli (^lj AiLjaVbj 

j! j-c AjaLda! (j-c <^jlj djjlc.lij£ Lgi j! cjljjjjJ jil! (^ic- (^» Гп (jlll djjLclij]] 

^gic. LuljjJ (Nucleophiles) (j jJ! cjlkk j-o llc Nucleophilic b! jjll ij^u 

. jj-4 ^i^L/l j tCjjjj^llj 6(jjjj^ll j ; (jj^. j jjjjl! 



OOEt 


• C 60 -J 0 -“ J*ij Jc-lij 11.5 Jldi! 

cdjljjjj] jil! £_-* cjjaj (Electrophilic) dAi jj&Wi — S1 djlclijll jl £-о j 

j-Qjjjj . jj jj] jiSl (j-^aa ^is ^ ik'Vi djLclii (^ij (jLji (j* u^-^j (3! l^i! V] 

(jjaL^.! £_-<* Ajji cj]>lclijj c(Halogenations) 4 У>\$'1 j cj]>lclij]| акь 

jjj^il (Х-л djjlclij]] LSj^_uiJ (X-UaLj Cjljj Jj] jill jl Ljajl k^^-Lj jl \\) La£ .o2u£j-o 

.aj^il 

Uuaj л!с A_ilx]l Ajlclij]! (^д jj jj] jill cjjLcLij] 4 _а^_а]| i_jlj]! a_au]| 

J£Jll jlajl) (j Jala. (jjj (6‘6) (jjJjill - jjjjlll (Junction) 

Ciblc-lijll ^ jjjJjill lc-jjJi Ciblc.lij]l (j^.) jjSj tlj^Aj .(Meta motif 
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( jjifA jA 1 а£ Hirsch _ Bingel jjA- JxIj ^ jj j-o Nucleophilic 4 .^*4 A^bJaVI 

ЯЛлЛ .C 70 — 1 (JjLLall (Jc.li!ill 12.5 cKjoJI Ljjjjj -Ceo — 1 11.5 cKjoJI ^ 

(Endcap) Sjjjiilill L_ajia -lic 5Lc.lij jj^Vl (6‘6) jjjj^ll JojIjjI jj^VI JJxll (J^jj 
cllljjijjjl jiUja'JI j-o jKiLdl l" il aiixall AjjuA ^ij jjjjljill I J 1 ^jiaflil 

J jjjl JjLujjj j I Ur-,V ( jiLlj a ^_iujj SJAxjjj CjliLuaj . " ^ " tailli ^lj LiLjaV Li . S J-lxlU 

cjlc-lijll оЛА jjj . ClLij jj! jill ^ciajaj (Regio-chemistry) "(ХСэ^лИ »1_;л;5" (Jiiioii (jill 
jjjJji сЦС1л jjjLL ^ 1ла Ял$л (Functionalization reactions) AjLxiill AjiLajjll 
ftLail ЛЛ jlfLI Ц a j L> ... (Jij^'d jjjtAill CiLjj j2 jill I . lU-."" 4 Л \ : \ Cv I 7 — . I _j£ . 'j v . 1 '1 j 

,^£1 lillij 4(Hydrophilic) sLall i-jijjjiil ,xjUail j^ сЦл!1 jji jj Auxj ( Hydrophobic) 
j.;j ллйИ J jjLiiil Цл! jC (Jlijj AaaLLtilj 4 Ja да dil Л \\ Lll ClLfljjjajjl - Jaj-jj 

.(MRI ^mjiaix j l l jlj J aIL 




.C 70 — i (ji jub-Jijj Jclaj 12.5 (jSjiil 



(Jjiuiji jjjjijiil jaliii JalJ ^Ujj U jaa Ц juaLic jjjjil Jjjail jjjj 13.5 jLuiil 

■endofullerenes cLLljil cLLjji jiil 
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Endofullerenes 


cjlLjjijii) 2 . 2.5 


CjlijjJ jill Aljlc. j СбО H i al Juj£' ^xj tl±a,jla ^_li]l cL' I J lj ■ jS/ ' jJJ j-J 

. jj jj] jii! (j-ali^! (J^.1 Д A_ijj j^. Я_з J j'q ic. CIjIc. jl CIjI j Д jl VK! jl£-oV Ij jl£ I jl La 

<j\j diljjjaijj jjjliL <ЖЬ 1 ]! djljludl! Ixjjjuj (J! jjail! !д& ^^ic- jjl! ^j S$j 

jiajlj jj Jjl jill Sj£ (J^.!^ 4 д\"гч aII ja-aLjxJ! j-o Ac.jj1a Д-С. ja -ч a jiljll J 

о.1ш£1 Li]La. l_g_l jVI (jia. ' Л j^Lx-JI ^ia . я jl Jl fijUVI j.lanj .(13-5 _j ..." 
AjjjVI j III AjIIjII I<~- j^^ .11) lc. Jjj jiiSI dlaj_al +3 jlj ( + 3) dlVLa. ClliLi jl (+2) 
i j t jjjjljill (Ji.lj Cjjaiia.1 CiljjJI sjiA jl Laj .(-Rare earth- o jJiLill 
.(Endofullerenes) AjLklill CjljjjJjall jl (Endohedral) Aj^-jVI AjL^I^ i— iliijjljill 

"4a. jVI <_2j.l J <jj Jx-LI djljjjj] ,jill" j jj ' <jju_jj]| jU j Jx-j jl aiia.1 jij l-jAjc j 

Ajs jc. ili-al ^tjjal J£Ij CjUjjaJI ojiA Jliij . (Metallofullerenes endohedral) 
Aj 3 jjjLai jli ttJli £-л .(Incar - fullerenes) tSJaLjjj jl Sja.LaJI CjljjjJjill 
jjjJjJI j_jd3 jjjjaj jj djljjjoi 10 j-J L_Jjkj Lo Jxj djjl oilA o jjj-ail CjLjj jjljill 

• Ajilill CjLjj» . ■-] ~ ^LijVI jjalikjl i ^jlill 


(Xe, Ar, Hc) 4 Lmil CjI jLill t aljj. -. jLaia,l Ltjajl ji (JjAl 4_ta.Lj jji 
lb/in 2 J 1000°C-600°C) 4xLi jjj -la jxUaj Sj!j^. cljUkjj дДс. jjjj£J! j-alia! 
^jj ц^д]!) He £_u!a]! ^jjjjjj]! jA j-aLk ^LojAbL! jjLa (JLIa <ajj .(40000 

j-alij! 4 nJjj j^AJj c(cJjj\j ^сШа£ AjjjJ o j j jJjjj (JbU. j-° AjIc. J jx-a^J! 

jjjjl! 4 Liikxi! jj ^jola]! jjhj'l !U Да -aj j^Aj Aj! l” i )*ч j .He@C 2n ^jjjjijii! 
ja ддс. jj.wM AjIxIJ Uja IjLKj i jijj tilli jli c 3 He NMR c5jj^^ ^ * jUIjxa]! 
d: i!jj jl yu! jA ^-q j ^.1 JLIa a_aj j . jjjjji]! UjK ^э (Cjl^jjjVI) jiLLiill 

(jAlj sia.1 j jra. jjii o j I 4ll_aj 4jjjjall 4 » ;■ Л (JjJj Litra. t j j]l jl jta. jjiill 

4jjij 4_*_nla dlll CjUj jall oLa jl Udajl ^Ljja1>U jjj-UI jji j -N(2)C60 ? f-60 _J 

(Odd unpaired iLljiU-a jjc. Aa.lj jjjiLII Jja.j t ji . ni ( Paramagnetic) 4 ; .. i;Ai» ^ 
djLclij jJji . jjjjlll (j-aii (JaU jjinija jl jiajjij sjl Jc jSjn-a electron) 

(aLUA^U l^at SjjIa ^j^a j! jjjj£l! j.oq^ ^Э "AjjIxJ! jj^jjLn]! C 1 j!jL' 

<Jjuj j^J! CliUnlaJ ^Э cJaK-a]! ^^LiloiA]! jc. Ь\_ЦаЭ tcU 4п1к!д]! CnLjj Jj] jiil 

.(Quantum computing) a_iaja£1! 
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4.-V 



jluJI Jl .endofullerenes ^uILIj AuLjJja ЯиЬй 14.5 JiuJI 

Sc 3 N@C 80 й*чЯ Jb .Sc 2 @C 82 


Metallofullerenes Aajl ЯАкЬ CjllijJja Л4.5 J54JI ^c-Jajj 

j ‘Sc 2 @Cs 2 j ‘Sc@C 82 — } “Ciwi (III ac juauJI) representrative endohedrals) 
I лл .(Sc 2 @C 82 ) ^ jj^ S * . 1 jj jU-i^.1 aSL^. jua j^ IuiSj ‘Sc 4 @C 82 j ‘Sc 3 @C 82 

Endohedral Ял1л*-л]1 Cjliijjljall Ал. jVI Ji-b JUlil jl Jl ajUiVI j^?Uj 

cbjjiui Uj 14 jSj ^ (Ni cKj4Ij ‘Fe ijiaJ j ‘Co CjIIjjS — S l JU) metallofullerenes 
Ajjjljll c-jjjIjVI jjuaali J A^jlubo (Catalyst) Sjlia. alju jjLxjJI олд j£Sj 
(KratschmerHuffman electric-arc jLaSjA jjaLjIjH ^Lj^ill jjjill Aijjiaj 
sji 80 — II jjli Ajjili]l Ajjjj j£]l j-aliaVI i— iljjji ,аД1 (jia.) J*Jj .approach) 

^^iSj SjjjS j^j •(— 0.8 nm) j-aliaVl ( _ 5 1к1л]| ^aaJ I jA ‘JaVl J 4 jjjjS 


Ajjj jjLI Ac. ja^-a]] jS-oJ 4 Jllall Jjj-j ^1x3 . Aj ji Ajjj j^ Cljlc. ja^a ^xj jl l_jI*_UjjjV 

.Lu 3 N@C 8 q ‘ jj?j5 i ji 80 j- jjSu jjjjS j-aaa J a j VK ^ jjSj jl Lu 3 N 


Ajjjja. J< ' jA j 4Ai.jVI (^jjjjLc. I jialjj J*A\ C 80 jjJJ^I j^i^] j) 
jiij A 3 N Д-с. j£Aj .Lu 3 N Ajjj j^JI Д-с. l_jIjc. jjc.j j^° 

jjj*j . (Lu 3 N) +6 @ (C 80 )’ 6 ujjj^JI и-^аэ (з-э jIj^IujVI (j jqVil Ujlijjj^lJ Alluij 

(jijlj -lajijll ^ jj Ц-в Ал jVI Ajlklj Д -jjJlXuQ ClAjjjJja (Jjc. Л 1лА jl j£1ujVJ 

^Sc = A ) A 3 N@Cgo (Trimetallic nitride endohedral metallo-fullerene) и^лл11 

J\ Ull^ j ( Er ^ Ho iGd 

£3j-<dl gAjjjS (Jc.I_9j A^. jVI Ajli.1^ (jjlx-Q UjI jjjIj jc. jjiSll L_fljxJ Yj I^A 

# ; 

A^.jVI lji.j-« CJka ла j .Acjlill Cjlii jJjill jc. lia^ij AjjLLa (Regiochemistry) 
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I.'.''"*"" cs^ Aj_^aLa. j -^joi j J (jUjjJI -uL'i jjjxlil AjlkUI ДшЛхлИ Ajlijjljall 

pyracylene] jJjjjl jjJI xSIjji Jl A 3 N@C 80 j£iij <jji.l Ajaii j-o .Aj^jIjjjII 
Jil Sc 3 N@C 8 o <j' Л 0 J^L]l j^j -C 7 o j Сбо cs* Jblij]l ,*iljA Jj 6 ‘[( 6 ) 

C_ijj]a j]a <]jxaj jSjdJ 4jl VI tA_l>]jAi]l <ijjaVI cljlc-lij СбО СУ 6 jj-jj 

— 3-One jji jjjli ,xa Sc 3 N@C 80 — ]l A > II » a ^jili ‘ (JlfLaH jjjjji ^jxS .jjSI Ajjjjxa 
1 ‘2‘4 _ triclorobenzene ^jLjl' (Refluxing) J 6‘7dimethoxy-isochroman 

^jj]| j Lj ij]aLiA]l <jjj]jl а_ш]1 £-a j jjjjl (Adduct) <jjij аЛ-й t^l5.5 jS.t.ll j]^j| ^ 
j-d £ja1ia jrLjjl <jjlSjl jjiljjl йЛА jjjLii ^jjajJ .15.5 jijjJI (jjjj]l (_^]с- jj LaJ 

. jiiJLc. Sjliij <j>Lij]j jjiaaji jl jjjjj _ji]l ]_иЛхл]| t." 1 jn jj ji]l jj TNT йЛ1_л 


^ jjJa jJj jijjjjj ‘j n '> II diljjjj] ji]l оЛ^] AjicLiillj AjjLiaj£]I Ajjjll ‘j A j ji]l ^aVLa]! 


UJ 


Tciijjj j .(Host-guest chemisty) <■ i>>ill — jjLxSI aLjajS йЛйлП! CjULjiV! CjIjLaa 
CjLajjajll jA Ял -ujIj Дх. jn'sn ^^3 l^C-jj ja SlJ_ji]! jIj-aI! оЛД jJjlall] 1э1э! tiili 


.4-nlallj cAjjjljl! Aj^jjI^iaJ! j ca jli^J! j t Ajjunlajx-J! tAjjjjJa j^^llj tAjj jjj^IVI 



Jjjtil] (Diels-Alder Reaction Scheme) jii!-jLi Jc-lii JakLa 15.5 JLuJ! 
LL -чд . (Aj^jjaV! AjjUajI]! AjjlaaJ! (ja jiL 4 jaja! ! ij-a) (jluui! ^!) Sc3N @ C80 
V^il-^bJ! (J* lmjaU uuJajjJ! J^J! . Sc3N @ C80C 10НЮО2 -I AjjjIL! AjIL! 

•5 J-^J-L! ju AjjjjjI! ljUIjj]! . JjxSj j-a ^cjUI! 


Potential applications 


a 1 La.a]I jjl; > Ja*H| 3.5 

»» * 


-1а1Э . j)V! ^^J^. 1 nlil AjjL^jI! LllUnlJ! J jjjJjil! ClallniaJ j^n ^l£ll! III 

CnliA^j t c 60 (j^jj]ji]l (jA (Macroscopic) Ajjj^Ia CnLn^ Cnjijj S jii.V! <jjVl ^ 

jrlnj! ClL^Jg nll j)C. jnkV! (jbic.V! (jU Ciii]i £-Gj «4 jl^ll]! Cnljj Jj] jill JA JJLua! 
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dlu) jj.jj -lijj ^ fljJ-U A^jCu (_J^3 j-Q jbbll ^Э jUVi'l Lx_ullj jjjj]ji3l 

U jl C 60 L j£jUI (jjjlUI AjjI^qI ^jq L-iiL S$j .AjjoujjII AjjjUI j! jU! ола js! Jj 

jljiLoiV! ^лс- c^j^Uul! cijjjj j-o оЛ}Л> <bi£ ^"fuzzyball") fluorinated jjlLdl C 60 
o^jlall ^3j .C 60 L lj i>ui AjtijjU! 4 qKMI j SjjLVI C 60 F n CljljjjU uj ill 

jC- ojjL^/! Jjjlijl! j-o oliluU! AjjuLiIajxU! jjjjljill j-sajl >/т\ jxj oj>ja3! 

tjjULij .'aCclj js! Clljl£ jjkl jjjlij tS.li.l> AjjjJaC. AjjoLilaix-Q ojLa£ t[TDNE]C 60 
Cliilj Igi! jiJJ (A 3 C 60 ) Aijlil! CijUa jU! j jq j! CijUa jU! j-o -li.l> jj> ^al Л Vu»I jli 

.l_jjUj]!j CjliliA'ujiV! j л cjjjl! ^ ^A'n 


Д -jjjjJaj] jil! j cAjjjjj^V! cilajjlaj]! l iV'Axil oIj^ -л S.ii.i> ^IjaSj tUJi £_л 
.oic.! j jj£! jiij 6 jjl-U! jli cAjj jjJal! cljlijjiaj]! j j 1д jjc. j c(Photovoltaic) 
A-ujLuj! j^j ! jUa! ji jj w (JI jaI! Jjjuj сз^ c (SWNTs) jliU! AjcUVI c_iijljVli 
Encapsulated <IiLJ! ciljjjJji]! jo j jjUl! jjLiLJ! ^^lc. Ajiibj jj ^Jai 
^c-Caj^ jA 1 а£ c(" peapods" j! Endofullerenes) AjIlU! djljjjjJjill j*j cfullerenes 
c_jjjjl j^ajL^xk] aW jjxjUI jj . JiLd! La2@Cgo — ^ jj-U! J! 16.5 cJ^-U! 

L_LjJa]l ClAli j> j tl g_uiii! с i u>»]| cjl jj j>j a w Ul jlLj! jA (j j__jlj3! jj jjU! 

LxuJalL cj!>lc.lij jg A'i jii! a Wg - q]I c!jU! jl^-oljj .(SWNT) j!.i>]! jcU! c_jjjjVlj 
jl^U! jjj jjjjj^lj (^^IlIU! jjjJ ji3! jij j! JiLJ! jj j>3! jjJ ji3l jjj S >J! 
jxLlj jiajjj .AjjjjU! LiijjjUV! Sj^^N! j-o Aj^UuV! dilj jSLI jj£j jl (SWNT) 
j jii j tCjij3! 1 j!>Il. j tCjljjUajl] LaIa ©cjc^. dilj jSx>S aj jLi jjU3! j jU! cia ^J! 


jjjjoi j! j cjljjluj jj! j ^juAi ^i ! j^.j-0 ^»! ^j j! a£jCu ^i ^UlxJ! ^_>i ci3 
LiCji LijjU jjjj^ 4 ^Ь! ^jc. LajIL! (FETs)(Field-Effect Transistors JU-U! jjjb]! 

j! jJ! j<G л vwll Jj>3! !j j-ajl (. L3 jj jS j i j 6 (6 Jj-aL!j 6 jLuu]! ^lc.! jLj!) 

" peapods " II <1U j j-^V! jA U£ cAjIlIU! djlijjj] ji3! j jjJjil! jl >'AL Lijjlj]! 

.fi^jlc.! L^uJajU! 


6 Ai J>3! LijV Л u^-dl Clil jjJa^jluLA]! (JUuO jjS'uj.) о ЛС. ! j]| djbjJaj]! ->la» x) Jx3 
lJjxU! ^^э lcjLi jjfL C 60 t jjj^3! jjj] jii! j^-d jli .4_i>jLx-]!j 4 ; и->А СпЗ! 
LcLjU! j-aL j^jjji ^ (Protease) jbjj jj ^jjiV! £-i* tJUU! Цп^ ^^ic. ; jjj>J! 
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4j1^.UI CjUjjj] jill CjlijjJjill jl£-aU jjl j)Jfj -lii tcilli ^JJ AiLjaVb . (HIV) 4 jjjoj]I 
(jM-^.1 jja-ui£! ^l (Jn vivo) ^ajujfJI jj>*j.iSVl jjj^J AjLaC Ijj J jja Cll^J jl 

<Uj j> jlxJ i ^gic. aj Iai^. ^jjx^ (ц$ jill) (jjL^.VI j j>^ Vl jjj .(Singlet) о ji 

. ^jLall ^LLx]! ^Э 4 П» X) ULLi. J-sI^JjjjI AjI^JjjjI ^aJ j-QJ ^DNA ]! 



jc-ujIujj) .(jluull ^J!) ^jlU tJjUb jj jjUiAil ^jlU ^jjjSJI jt£> 16.5 J^uil 

.jliaJI (i^Uxl jjJjill > Ч>Я$ J^l j j >^ LA 2 @CsoJ .(Ph.AvOUris (jil 
.(D.E. Luzzi > >! t 4 ^-Uluu») .(jaaU I ^l) а.к.а PEAPODS 

jUij J-cilx£ oJc.1 j lilil Ajiklj CjUjjjI jj3 ^ j>'A aII ^ ^jjjjl jJUlII ^gjaC-l jil 

j-aliil aj^3 CjjjjI tCjVL^JI jjA> ^^3 j . ^jjjiaji-UI jjjjlU jJjj-ali]l 
(jjljC- ^^lc S jjaIa МЗ -0 4 > ,,nVl jc. JJ^I o^li£j jlx-U! jjc OJtJ^ 

4jjV.ju.-Ml jjxJI Л 'ijj-UI oi& JIaJj . ^-uuiaUx-UI jjjjlU jJjxA'ill ^gi 4 j]L^J 1 jjUj]l 

jjx9Jj L_fljIajJ ^^3 SlJ.l> jjla LS^! A^uJal j <L>L^. (jUib 6(JI jjV cilli .AjlUlaII 

AjjjUll jIjaII аЛА j)A AjjCjaII j-ajU-aiJI j-o jli ^gj-aSl jj'iVil AjlklMI CjLjjjjljill 
•Hydroxylated endofullerene 4jLlU AjIu^S jjJja cjUjjJji 17.5 J^UJI jjjj .Sij.i>]I 
. cLU! <jUjj jjj£ (JSx'jj jjaLaj AjlklMI CjUjjj] ji]l ^^3 jjjoi^ j j J j^JI j 

jjUll U>j] jj£] CS^* f ^gj]l ojj^>JI Cjlcl u-oll jl (> ^aC. j]| ^^ic 
i 4 La^, а 11 jjlc. j3 jLLai]| jl ^jJal j]l j-o AjI Vj ^IaA^a ^З (Jl jj V AjlklMI CjUjjj] ji]l j 

jij|) jla j^jc. :(gadolinium) ?. jfU j-^-Ul ( * } 
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(Jal Л1л (jjjj]ji]l L_flLaj£l jl j£l JJ jl lllbj .Д -^jJal j JJ Ь. (Jl JJ V 4'lg ~N j j£jj 

(Jja-aj (j-o 4_Lu <1л ^xj" tjJjj£ jjjaJajjJI ^J ^ jx -а L<^J -Lelc- (jJjjliC. 

" . A^Jojuia]I jjajVI (JJjJa ^Лаолл]! jjJj£jl jjai tA_lJjx]l ,Vlg II jj^- juf<<Jj^ 


Further reading Ад1кЛ ^ ojj 4.5 

Discovery of fullerenes LiluuSl 

H. W. Kroto, “C 60 -buckminsterfullerene the Heavenly Sphere that Jell to 
Earth ” Angewandte Chemie: vol. 31 (1992), pp. 111-129. 



(Hydroxlated endohedral <^j*JI jjjJjih A.Ja.Jaa.t Aiua 17.5 JSJJI 

.fUI J CjLjill OH (JjjjSjjJj^SI Дл^лаи iaUal .metallofullerene 

W. Kraetschmer, L. D. Lamb, K. Lostiropoulos, and D. R. Huffman, “Solid 
С 60 : A New Lorm of Carbon,” Nciture (London): vol. 347 (1990), pp. 354- 
358. 

Robert L. Curl and Richard E. Smalley, “Probing C 60 ,” Science, New Series, 
vol. 242, no. 4881 (18 November 1988), pp. 1017-1022. 
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Properties of fullerenes 




P. W. Fowler and D. E. Manolopoulos, An Atlas of Fullerenes (Oxford: 
Oxford University Press, 1995). 

Andreas Hirsch, The Chemistry of the Fullerenes, Organic Chemistry 
Monographs (New York: Thieme Medical Publishers Inc., 1994). 

The March 1992, Accounts of Chemical Research thematic issue on 
Fullerenes. 

T. Akasaka and S. Nagase, Endojullerenes: A New Fcimily of Carbon 
Clusters (New York: Kluwer Academic Press, 2002). 

Applications of fullerenes ej Unkl 

The May 1999, Accounts of Chemical Research thematic issue on 
Nanomaterials. 

The July 1999, Chemical Reviews thematic issue on Nanostructures. 


Questions JjIula 

(JjJjJ ^^Ac.) fiJjudll O^LiJaj jjJJ^l! JjjI jSl jl c" П*Ч . 1 

jjj jill & I jaJ jc. Л! \_л i Lclc. 7 5 j -0 jJ^V j ( & I jj-^I 6 (JIiIaI! 

^\Ц ja j ^ill Kratschmer-Huffman jLai j* “ ^Lj^ll! 

t 1 ^al IjL^] 6 j! . 1989 fi je JjV (jjjjl J^l' (j-Q Ajjj^Lo CllLlA^ 

j cj^js Jj 5 j* 1985 <jL». ciilijjJjill 

jVjia ^jJ j£lj cjjJj^l! (j-a -l*.!j ^jJ ^.jJ СбО Л "Цьои1Ь .2 

ajjJ! jjj^jjjj^J! jjjjjl! ^Jj AujoiilL t jJ^. ^ 4-laj! jjll jlalik-o 

J jia JaSa j cAc. jj j-o ^jja j^.1 j jjjj^ iia c*1La (C 6 H 6 ) -^luuI! (Monocyclic) 

.^cjLiil! оЛА jjjj c Лл.! j <Jaj! j 

Ajjj j^. Ajj jij*J! dilc. j-o^-aI! j! jj-a\_j*I! j-i (j! ^iijj Д -ol^J! (jo!j*I! \_л .3 

? Cl iljjjjljill ^ 1д j^j^. 
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jjjLL! 


AjjjIIII <jjjj£J! c-ujUI 


Carbon Nanotubes 

* L Ji^ <|! JAi J J jJjJ ^bjJ 

LuLiluuj iluibbLa (Luliluuj AjVj AjlaIa c j! jaI! 4u,j j ^jlc- 


AjjjVu J La£ ^LLJ! ^LuaIj ^jLnVunl tCuLjj^J! jj-o (JjL V] J jVujj ^З 

aLg IJa ^JLJ! ^LuaV! (jjiiui-o ^Jc L! jjuj 2*^^ i ^З Lajjj . Д -j jjLjJI (jjjj^]! l_ujL! 

(У LU JJLJjuLaII j)A jl La£ . ^DNAj ^jjjA]! ^jjjLJ! JajjjJJ! CjLjj^ l_aLjjj£! 

4j3jxa (J cJ^L ^j^. j ^gJc. ^A_i^.j]jjJ^ Ajjj^. JJC- Lgjj£ ^aCj iCuLjj^J! cL 
ojjj£ ^ljj ^i cJj-qj CjjL AjjjJ^J! Ajjj^JI L^j]j jS'JI j pLaj^]! j ^.Ljji]l£ ^^L.! 

c" i,h‘i ji j)L Richard Feynman jjLujLi jjL L jj j jj! £-aj .cjLjjL]! ^jlc jj-sac. 
ciLj! L] (Jja ajj-aL*_A Cjljj.^4 u) c" u ji^)C j 1959Л ^LJI ^Э AjjjL]! Ii 2 k j3 jj£j]l jjC. 
jjjJ]! jjjj^Ll! (jli 2 c ^L jOU ^ij^j^J! 'uaJI ^ jg за K. Eric Drexler ^Lo^jjj 
.4_c.jj «ij^ji]! jjL3! cJL^a ^^э Lftji ^ >>ull I jjg л, ^э L-fll juu^V I I j^j lj*-3^ 

^juj! <_$ jjL3! l_j juV! Lj! jA luLjujVI -i^.! (J*Jj ?^LuaV! Ua cJ^ !JLa 3 (j^3j 
c"uj)3 ^Ljuj L А-ч^к jjL l_j ju! c^i! j3! ^i t jA (_£ jjLl! (jjjj^l! l_j jjjLi i j 
.(lUPAC ^ Ajinlaj]! j 4lLu3l ^Laj^I] ^iVLJ! ^LuV! ^La-uj! sJjj AjiL-o 

LjjaIa VL-« lSj^j l)* to jjxj.^ 1 Я -il jLuil (Juiuj (j! j)L£ (_^V (jLAVLi 

JJC.J ^Ш! Л'||1 (jjj cj] JJ juIa ^aJUjli <j!uaJ ^a-l^U йЛА \W SjLjjujV! (j!j . 1 VV^AJ 

( 1 Brian W. Smith and David E. Luzzi, Department of Material Science and 
Engineering, University of Pennsylvania, PA. 
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L^jjjp^M a jiAAl! CljLdjaill jA S-laJ J AjjjLill jjJj^l! 4-lijLI u^il \^А> j fc^lil]! 

. 4 л\я Lill ЯЛ ~s x^-ill ^i jjljll 

Aii*jll <juI j AjjjUI jjjj^l! c_j_ijLjl jl jA A_iaAI jj^VI j ^Ll! L_njJI 
Ai jiL jjJJ^!! Cjlji j-Q й^.1 j A^jio-a Aijjabdll JJC- 1 g'n L 1 Lb° J«i^ La LT^J 'L^jlaLalJ 
AjijlLaj]! LjI jja]|j (j-UL-alJI j-o Дх. ja^-a l^jLlLa ^Э J jal i(JLa^]l 4 aj! j Aj! jlajai! ^Э 
Jjx-ajj] j! Ajjjj^. u£)LajL ^LLqIa cil]j jl£ ^Ijjoi . IgJ cJjj-o V (ji!l cojAa]! 

Sjjj ^_i 4jjilil! jjjjil! l_iijL! а_1л j^j jli jU. ^^lc. J ••$!jj Ujlijj^. 

.<1aja ^iy'ui) jiLill L^. jl ji£j 


History 1.6 

^J! ^ аУп Ajjilil! jjjj^!! L_jjjli! jli 4 jjijLai]! jiL -аа!! ^Э ^ala j-q jA La£ 

jaVI ja L^j . (carbon allotropes) Jx^liL! jjjjL]! J! sjjU]! jjjjljill iljlc. 

LiaALoJ 4 Ljl Ja]| jjjj£]| Ljlji j )A 4_l!£ jj£il L^ili t(JjjL]l j£aj]l Ljli l$jl j1.Lj 

. (. * 1,Wjj (jiLo Jaa£3 (JjLjoli] 


(Nature) ^CjlilL C 60 ui* (jc- jjjSj J jl 

4_ii j !1а C^q j^JI ^iLLj -u^jIj Ал -qL^. ^ jjj^Ll! jA jjj3 jji jA ^ 1985 ^Lc. 

(Buckminster j! ji jjjoiIa^jj (JjLula!! 0 jiAJA!! a_ixu^jj^-]I L_jLi!l jl ;^ii *ij£ 
" jjjL ji jL^A^" _з 0 jj^-LI! Я_ 1 аШ]| aJo ^i-jjojl Ua cFuller's geodesic domes) 
.(jl (JjS jA 1970 ^LJI ^ LjUi C 60 Uj^ jL Ulj .(Buckminsterfullerene) 
jjj адх-£э!_ 1 а i^k '^A 1996 ^Ll! ^LajLI! jjji 'ijjU. jl V] ^cE. Osawa IjLojj! 


^JLajoI IjULjjj t jJjj£ l! JjUj (Jjj£ cljjjjj — JAj! J (jjj^ (ЦЛ jjUi^J-ulA]! 

. (LiJJJ^j) Ij'aC. C 60 jjjj! ji!l Ajjj^. jx-O Jjl 


L^UL^I jl VI cAjijU. ciilijjilji Ajjilill jjjj^]! l_jjjL! jl jA ^c.j!l (^j^ 

Ajjili]! jjjjil! l_jjjLV jli tUlli jA V^jj .C 60 I! L-il SjIuLa -Ljjjj 

jkjJlj vapor phase deposition (j j\a. \W jjLal! L-ijjaijj]! UjLIac. ^^э Ujj^. 
^Lc. ^ j .AjUiiijl! jjjj£]l L_i\j]| Ajajj LIjjL ljaj J Jj Jl pyrolytic (_J jJI 
jjjjjj (jji (Roger Вэсоп) (jj^jj jJl*JI ^iil 1960 
(Graphene sheets jjaljJI t JHJI Jjj^ ^) aaJiM\ ciualjiil JjILL 
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^.4jjg_f_A (jjklj Jjj^. CjIjLij £a AiLou^l ^cUj 4 ScrollS (J£joi ^ic. diil ^ji! 

jj^. j .(Peter Wiles) jLlj j^ Су* cJ^ j^i jAji! l ) -0 j^^ic. Су° L_ijiL U *^4j 
Ял -cU j* (Brian Rhoades) ^jj C^jij ‘(Jon Abrahamson) ^jx^UI jjI 

^xjjflj jaj$ ls^ jjJj^i! ^ jjl ^gic. j 4i j^-q U al_ill ^ic. I jL«o*\ ^jl (j jjjjjU 

jc. S jcUUj 4 j^jaII o,w'L jjal jiil j-o ^ijiLo UjUiIa jA c—aLilVI aU c__a]Lij ^.4K C\\\ 

nm j!) ojLj*_a]I A_malj*il dj\ fl il?\l jjj SjIc (Jj-aSj ^jii! iiLuiAlL jiaxj]! \ g x>a» 1 


.(0.34 


(SlimiO Laj^jJ jja jjoi AjjjLII jjij^J! l_jjjLL/ ^'»q\l dl, L'j^V I и/п 

j jjjj ^ajL-a j^. jij (ji]l tl991 ^Uil ^a NEC i^jUj ^a <1ac. jJ^U. lijima) 

.^jjjjjjU ^i i"i» u^-i ^jil j \\\\ Ig-ijoi Ja v\ ^jlll £jj£j]l ja jS 4 3 -itiil jj 4» u^a'I UiUbU 

^ f 7 к 1 

jjjj£l j-o i_ij jjU AjjjfLiA l_jjjL! 11 l Aj~ujj c_daj 4 Nature ^a jdj cJLL ^aj 

.1 |im Jj Jxdj J jL! j 30 nm^! 4 nm jA aj^jLl jLka! CjU "^pjiljiJ! 

L_Sj*j t.“ U*ol \_А jlc. Jul 4 Ajjol J j]l L_fljixj]l iiLjla] AjLola]! jj*4 a\I . W'\a \ g K ki\ L_lJjuiJj 


Multiwall Carbon Nanotubes- ) jlj^J! SjjxJA 4jjjL]l jjlj£J! LJJjL! ^sjujL 
jjlijj (lijima [et a I . ] ajijUjj Laj^j! jjjj 1993 ^Ui! ^j .(MWNTs 

L_fl]\jj 4 A_]j\_aa L_fl\j]l ^ic. I j\*^>^ ^j! ^i jjjij ^a (Bethune [et al.]) aji^Ujj 
^_ajuj U j j^_U] jU ji] . ’ 1 . 3 1 nm jliflj jia! j^i! j-o iaia ъ l ^.1 j Aj! jLjuj! jA \_g_iA 
^lxS ^jfljfljJ! jjj£jl! jUj ^jLaj (SWNTs) j!l^]I aj^U.1 4jjjLJ! jjjj^l! l_jjjLL 


. c." n.w\l AjfljjLajJ! dLjjL]! 


Jl (Acronym) aJjI ji\ SJailll j* "C" <_aja. .AjJ*JI CjUjjVI J jUjcJI ju> : 5Ja jaJ> 
Л \ 'iaj.>i "SWNT" jlUi^a'I jjaU 4 JLaJ! Jjfuj ^^lxa ^AjjjLl! jjjj^l! l_jjjL! Л jdj 
jjf j iu>ii jiij .C ^ic. (jji^j V Ai! ^J 4 j! .ifil Aj^LJ AjjjLl! jjjj^l! l_jjjL! 
. 4 а^ a ^ i*»fl\\l ^UVuiiV! ^^a ^ajl£i! idj3 jli 4 jxfliL AjjjLi! l_jjjLV! jA j ji! ^ljj! 


djaJt Jj 2 j AfjjaJI LuJI 2-6 
Molecular and supermolecular structure 

-_u_ilj v i j SWNT jliaJI AjjUI Ajjjlill j_jjj£]l _jjjlj v J A-IjjLujV! Ajiil! Ajiljaj 

Я -j JJjaLA jjalj^. 4_i_ li-k-ja jA £. ! JaU -i^. Jc. MWNT jl^jaJI fijjjL. Ajjjljll j^j _j£]l 

jjjjS jjljj j* aJjj^JI jja! jjJI Aiiau^. cJlbsj .(Planar graphene sheet) 
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(Overlap) l_i£Ijj j* h ^ i>g aS/t 

(jj]| cdiljjll ^lc- (j j' i-\j (_£i]l (JjIiuiaII Cli^jj (jj3 ьМя x> 7Г ^jjjLLq 4 Wg .all j^ /7 Z 
. jjal J^-U ^]1л]1 ^jbj^ll (Ди-а jSlL j dilj j jj£]!)U AjIIxJI til j^Iill 4_iLIL jW'n 

]y\ (jj«^J Ail jlajujl (J£juij AijiLo 4 -sj^xjo l^i! ^^Ac. SWNT cJj^j j£-aJ 

t il]| (j^ ^ jj]l ILa i !_g_iiajuj! jj (j^-Qj cjjiU! (j-^ ^ji*-]! tUliAj . (Seamless) 

^gi bjjL jjjjsI^Ia jjJ-iq'i (j! ^jjl^j ^jJa j^AJ UjjJ! c." n^ j^ — (Wrapping) 
jA Jallj]! o j^J c 4 у" 1 л (j! jlj .(_£ jjli]! l_j jiiV! Igx. ja^-aj (J£jLj] jjs! j^JI a ~ 4jL.r-i 

! aJjI_*_a]Ij tj]]j c. jj j^-ajj J Cl\ -Lj^)]! ialij Vi-qI ^ lr\ ^J j-o 

c - па х л- ma 2 . (1-6) 

cilli (jjjlll . ^-J ^-LlbU ULqLS Ij j Ul: ' Q ■ ja j ^ /77 4 /?) jL . Ш л! ^jjoi jjJ! l 'L : ■ " j~l 

. 1 . 6 (J^jjJ! 1 JaJaHj 



A^ji_aj SWNT jl±L! ^jL! j _jjlj jj_jjj£ i_ ijJ! Aj&L ^Jajj JaJalj ^uij 1.6 J&JJ! 
JllaS LjjJV! jjAua Jfr ^JjjC j4 jJ! t (4t8) jjjU i—ijJV uiU! Aajd .j^Jii .(jjiljbi 

AjJi uuli! (уЬ ^jlV! uluUV! j! . jiUl jjUU AJjxJ! ljjjUVI ljIjjjju j^Jajj . Ua 
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^э UjLu) Chiralities ^ ^^mlljj^llj л q\‘i4 aII ^ n LVI jUaal jA aja* 1! jl 
<< 1 £аа (Both left- and right-handed enatiomers) j ci а 2! i> 
(Chirality) UjLqUI jL Ja^JI . l^S^nm jLa ^^^-^LjAjll l_jjj 2)U jl jA ^c.jl! ^Jc.j 
jjJj£ — Jjj j£ Jajl jjl! £-m tLllVL^-I! jiaxJ 4 _jL/ (Helicity) 4_jjLJ! LL-J ^^-ajaJ 

.L_JjjjVI J J^. L V j \ J ^jjl^. jLalA Jl (jAjj 4 J-4g,‘lA AAJjlaJ 


^ jj^lj^J! c_al j)j . Jj j)l j^AJ ^jil! L_JJjljVI ^ljl! СГ^ ^ ^ULa t ^ulalL 
£jJ 3 jaJa 1! Ju3l£L<JI AjjLll Ajjjj^-l! CjljlXcii] (JjJa^All ^jJjolaII aLm! o jjoiJ Ajljlajujl 

^jj-ajj iAjjjoiiJI !a^_j aJojj^a (Strain energy) (JLtij! AiLL tULA . j)jjj£ ojl Aic. 


4 L_U (_Ja*J ЯзИаИ c" n^. j)A Cj' ja JJC. jji_*-a (jj jijj jla3 C L-Vi 

jLU! cIjIa SWNTs jIa^JI ajaU. 1 3jjjLll l_jjjLVI jl -L^2L cuj±uill Ia^J . jj^lj^J! 
ja Ijljklujl j&\ JJ^VI l_jjjLVI jj£j j c Lc. jjjjj Сэ1 jj£i 1 nm ^JIj^. j)A Сэ1 
(n, l_jjjLVI c(Achiral) ajIIjj^II jjc. l_jjjLVI j)- 0 ^UILaj . j» ^L/I l_jjjLVI 
^l Jjll ^^Jc. L'^g-uij^l! ^'ljJ" jl "J-^.j*ja1I l_jjjLVI" J LLrnl ^^-ajojj j .(n, n) jO) 

j| <iii^JI j . C L_alll 4 VL aL^jl J jL ^^Jc. j)jjj£ — jjjj£ Jajl jj CjjLlLj ^ i_uj.ii ‘jillj 

uilll ajc. jj ajajU ^_э I jjA caI jaII ^jl*l (Structure-property) Д_т11 aj^Ll IajU 

jjaxj coLaI ^juj-A jA La£ c JLaII (Jjjjui lt^ Х|г0 ^ j)A jjj£J 1 UilJ£j cSWNT \ 

CjL-usail оАД jl .4_L-ajA c. L-o'i j^.L/1 j^axjll jl jj^, сД _ 1 * 1 Л» a jj£j AjjjLll l_jjjLL/I 
L_li£jJ ^aJJ ^al ( jVI .1-6 (JLjoJI Ljajl l^_ilj jLola SWNTS AaII^-aII Д -ijjjJ^lVI 
.LunLull ^а1л. 1 ^jiJljj^ jl (Monodisperse) c‘n‘u‘jj'1 (jaL^.1 jLb UjIa "LjjL ц -i^LI 
оАД jl j)A ^C.jll ^ 3 -L. t 1.4 i 0*5 nm 0jia3 jjUaj jjfL ^^-JJ^JJ ^OjAj ^-Ljl ^JjJJj 
. (Growth parameters) jAil! cjLk^jA IaLuo! jjj£ JLL j jUuj ^ lijVi 


(^LLu (_^LL ^gij jajjj jill Liillij^ll j-o ^ jj jA j Chiral molecule ( Jl jj^) jjl ja * j ja. 

Ljlljjail Jl jj£ oju jl .^blLic jjc. A^ji*A a jj^ <1 ^JLlLj ‘(Internal Symetric Plane) 
^lc. ^lLusa-a jjlj^j .(Enantiotrophy) aJjIaLi jjc. jjjj£ ajj Jj^j j-o jL^.VI ^ <ajlj 

(_gic. jjjl!jj£ A_Lal (jllaj 4 <iI_iaj£L1! ^ .sIjaII jA а! ojjj-a £_c AjAjLLa jfLcJ V ^>ч~> L-iu-a jl ^ЛУпи) 

jjjjAjjj! jl ‘(Enantiomers) jj^l jjjjLjA jjjjlj-c jjjjjU slj-cll L jjj-a ^^auuj .LiiljjjaJ! 

."jjuull Ajll'j "^IcjI! JjII" ^juL a j a\I a jjlnxii' ^ljjVI jJJ*i ^J L Lllc. . jjjj-aj 
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4 _:С. 1 л]| Ajjoilllj VjU jjAjjUS! ja CjIIa 'j JlC- ja АлИааИ SWNTS II 13 

jj 3 jU! !A£ ijc. Я 1 йл (1000 J! j^ j (Aspect ratio) aaUjI! j! 

A£jjuJ AJjuiLa^, C_JjJC. AJjuj (JL^lj (juU. (jA (_Қ x'jj \ Ag 'ta (j£ C jjj J j£ L U-Vl (jjs-UaXJ 

. Ajjuj! Amil! (jjs! j^J! 


(j! j t(5j5) (j jjLaII c_jjjj!>Li 4 *.-o\l ojjuijla]! <]!Loj C^o ^cjj^. l L-o‘i (jl 

(JI£joiV! ciLiU. Л ^ а'Уп ^jI! (jjjjil! Sji 1 (jjj .<!jLaa jj£V! L_jjj\jV! jj! jjujlal 
dllila. AjajIa]! tjiL Ai\Ja (jA jj£! (StT 3 i П еПвГуу) Aj]\_xijl <s\Ja Ajjui\ а~ч\! 

.<jjj\j]l L_jjj\j!jl] ^ЬаА]! jljilmV! Jj <jjuj]\j <A.g-A l_j3! jc. jaV! Ii^Jj cJaia 4 jja!.1ui 
\ jjjii j IajIj CjLjjjjJ jil! ^j]j c"n^i AjILc. SfT Jaj! jj ji ^jaIa^]! AiLLa (jti cxi! jl! jj 
.^j! jl! Ju^ii]! > <i-a j ^j (_£il! c(lsolated Pentagon Rule) J jJ>*-U! ^gju»\,A44 (jjjla 


(Structural perfection) bjjjj VU£ SWNT _S jjlj JLi J ^aI! (> 

jUJtfl (jjaxj cj]]i ^C-lJ (_£ j]! ЛаЗ j]\j j . j» »-aV! CjUjjjJ! jA £3 jJaI! L_l!jfJ!j 

^ JLIa]! Jjfuj ^ s^) ^ с$! . j jjiV ! >jLi ajUxjj j\jjc.^\j iUU jl L_±aj Ajl Vj 

. ■ ^ajlj^J! Juf.jJj JljJ! AiLLa ^Jc. Iajxj jj£jj]| (jjljJ (_gJc. (_£j!Uj (a£jjuJI jsUl 
(j! j . 1 eV iji^. (> a jLc. (jj^b L_sjLlkV! Ljlilla j\i c!jjj£ lijLlk! l U'Wi Lgi! ^aj 
> <i!_>.! AxuJaJ (^Jj Jajsj 13 <j£l 300 K jjc. !Я_ 2 з Jj> CjlsbLlkV! ftjA jj^jJ 
Sjj 100000 (j* jj^! Jajuij i 3 SWNT — !! j! Laj .1000 K ijc. ppm j jjIa!! 

ijc. (cjljjuixJ! ^JIj^) L_jjjc. Ai\j£ (^Jc. (j j'i^j (j! ^^.ja]! (jA <j\i tAjiljij jjjj£ 
olA ojJxj-a!! L_JjJxJ! <i\j£ (JIa] (j! Aj3 lJ j£jula]I jaS (tl]]i ^xa .AjSLxJ! oj! j^J! LjUkjl 

AijAAl! ljjjUVU AjjjI£ jj£! L_J jJC- tll]\_jA j . L_1 jjjV ! j-ajU-a^. (_gJc> Lui jaIa ! jjl 

j! jiAjj <LjLJ ^UJ 1 ! jaJ! > \^jc. l >J! (Partially severed tubes) LLj^ 

. (Synthesis) l_i£ jl 1 ! *\_й! Jji^j (Stochastic) ajj! jUc. ^LUk! Jj ^ jxJ 


AjLlIi]! ^JajuibLS Delocalized 7 Г complex ^xuJa j-UaSI jjc. iixa!! 7 Г !! jj 

JjjLj ^ajjxJ AjjjUl! l_jjjUV! (jl 5J jg x j j (^ixj (j jjUl! l_j jjjV! jli^J 4_i^.j\_k]l j 

^iUaj j\jAA (jU-aiJ! jfJaj c^^USU (>j .^jSiiAj aiUjjuia (Dipole moments) L_ilaa]! 
oiA . (jjaxj!! \ g x ^ах i ^aj (_£jU! cjUjjaJ уэп der Waals j]jj jj^ jli 


.AjjU^V! >jjl£ 


■ lj — -J—jt: 
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SjIc- >ll! tAjjjL ^j^, J SWNTs 11 >lilll! (Affinity) iilVI 

(Gross ^^-ajjoi^JI (Jj£joij 1I jl_i^.LH a JUaJI . (Ropes) "Jl^ll" i 

J .l_jj£jj II JcUa > U^hjU U^jc SWNTs _11 jUI morphology) 
^(Agglamerated nanotubes) <iiUI AjjjUll (.jjiUVI j-o CjIIq Jc. JIUI <_$ 

L-JJjJajJ .ll-laj il -iSj .UliVu JJC- VL^-Ui! jLl^LH jjaxj AjjJajxll 1 g » lalLdl jjj 

Jajoi ja 1>! Jc- c." n n°i AjjjjoJ! Ял -ujVI j jj^. <iaujl jj L_iijljV! &U (Packing) 

1.7 nm Jl 1.4 nm ~ jLS cjh AjjjU <_Ц_з! (Lattice parameter) 

>jjk JIUI jl>U jUj V 4_l! Vj C 4_Xjl_iol L-JJjJajjl! C_J JJC jl j-Q ^aC-jl! 

> ^cLuii <1 j1_aa jLLab L-jjjliVI -Uia Ujjj .AjILIa CjIjjL l>! ^^ic. 4 ->a ojjxj-all 

^^ic. - 1 aj*j 4 4jjj£jj1! SWNTs 1! jj jlj jj Laa i (Cocrystallize) ^ ^SjjlJ! 

jiL £\a> \W jl/j jU! JjLk (Thermodynamics) ajJjjJ ajULjJ cjIjLucV! 

(> ^jl! ^ j . (Kinetics of entanglement) JjUjI! aj£ ja. Jc. oiUic! 
J jU jj*A Jj^. (Jkh (Chirality distribution) >jl!jjil! ^jjjil! jU tVq jK ll 

>11! >jjjl! UuU! (> i-Aj^. L_jjjljjU (j j! jlU! oUjL/I jj . Ljaj jc. jjfL 

. o jSj-uia ASLlal! Aj^.Ij (> AjIj j)C. jLuJ Laa c (Ja*j jl jljj JJ^ jli (J jU j£uii jlc 

<jU£ U£ cAiUi jUj JLUl oU (Untangling) <ilij (Exfoliating) jjjjj jj 

2-6 (jmi (jua^-L .SWNTs 1! (> jj£V! £ j^i! ^ahVui (jjjla L VVi 6 jjlajuil аЛА 

.lIiLuS jj >ll! (Supramolecular) AjLjU (jji j AU>ai! >2! 

l-jjjLi! LujLuj! > (Multiwall nanotubes) jljU! Sccxja AjjjUl! l-jjjUVI jj 
jj^ aII (jcLa.! (Jj^uujj c" iKUi a a ^al >^U j£lj (SWNTs) jli^il AjUI Ajjjli 
UjUc djIc > MWNTs 1! jLi j ^j t (Coaxial configuration) 

i_ij| jiajujL/l L_JJj\j^Ll >^1л_Л! oLaiV! J A-iJal! ^-Sljall jjj ЛС -IjjI! jli clIj! jja jjLjll 

jjj (Jj-alil! (c - axis) c— jj^aII ^_a (ji ! jh >lll t 0»34 nm (> ц -jjij AjjjUl! 

(Correlation) iaLijj! ojjjuJalLj tilllA (JjjI .(Bulk graphite) ^ a uj -чИ lIjjsI j*i! cijlijia 
^aij сэ CljVLail >axj jl£ j]j tMWNT u_aljj >ll! AjJjil! ^al jill L_ail! lj! g >a jjj 
cilli >a£Lijjj 7 .i_iiL*jA cjlajial (Ch i га I ities) lIjLiIIjj^I! J !a L_abLlk! Jc. jjjxI! 

.(> jU) j >! sjU ^ >1 JU jjiij (ji cocrystallize jjlfi' <UjUij (:l!) 
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4 Multiwall BN nanotubes jl j^JI хлл*!» BN ajjU]! L-niUVl a-» -U J£Uj 
< jjj jjl AjuiU 4 o 4 ^jj]|jj£ £A 4jjjU]l UJJjljVI (jjA j-lkljjj ^jjljii J^JUl (^Л jaYI 

.4jJj3 4ji3j3 j]£J lutajll 4AiiIa 



AjMj , .Л AjjjUJI jjjjUVIj AJajjjjJI AjjjjaJI iJj&j AjjjjaJI ^jjjU ^jja jj .2.6 JSjjJI 
j (jj) ^jaJj jjJj SWNT Ajljtxuil (ji (jjSljaJl 4 ajiua joJ jjjjj ('! 4 aJja л JjJa (jjjjIIj 

(j?) AjJajxjuu AjaJaLa ajJaJ .Ajjjja ^JjS ^ja , ,1 SWNTs II jjjjJ jlj^Jaj (^) 

JlLuiVI JJxjj jj.1 jjjU jjjjli cMWNT ujjjji ( j) . UjjU jULu j»jaJj jji jjjjj 

uJUjjaJI (jUaj Jjc- ( Л) . jjauJI Ajjlai j AjalJiu SWNTs ju uftjUj Polymorph 

.SWNTs II (JA bS&JLA cAjJjSLa]| 

AjJ jiil jlAaJl AjjLai Aj jjlUJI uxuljbU AjjAj^JI (jjajLuaaJI 3-6 
Intrinsc properties of individual single wall carbon nanotubes 

Ajjlajjl j 4 U -ч U a\I UjU£ jLuill Jjj uUI . " 'I L jaau-UU 4 _lUxJI uliUjjVI j— U aj 
JjuUI j4 (JjI^JI j»SJI (jlj .Supramolecular AAijaJI jja j AjjjUll l-jjjU^U 

4 q J 'i (JliLuiUa JaC. AjjAuuall ^_il Ujja. £_ajj jl jUI j Ub ( C ■ jJ jftjl J Ul 
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. j-ajL-aaJ! алл ^^э Sjj! jS! djljl^oyi ^\ 1 ^jl Lj ja. j i ^ULJl Ajjjlj cIjaS! 

1лд ^Э Л\ь«а]1 4-SJJj L_ljl ja_S! ^аД ! jc. Д_л1с. 4 jLlmil IjA LiA jjajJXAS! j 

j^) (Nanotube ensembles) ijnUVI cjlc ja->a jjAuaj ^jj . jjj£]I £- jjJa ja]| 
4<Sj^1I CjIJ CjlkjJall J l_jjjIjVI (JJJ LJ j_c.lij]l <Соэ1Аа jV (MWNTs j ja J CLJ j-L-a j 

L-JJC. Jjjlj ^JLtJ i <SjLaa L_j\jjujV tilSi^ J . I СЛ jLLaj ^ jLk 4jn il CjlajJall j 

SWNTs Sl j«aj\ ^g -Э Л_ 1 аД| ^^Э JJj^ ^S tjiSi jtj Ia'c. . (JiiSI j«aj\ >/т\ ^э ^^jjS! 

j-aj\_uaaJ! j-o jjaxj j! La£ .оЛЧ» a'I CjLi^jLai]! jj£! AaJjoJ оЛЛ j)A <jV cAjJjiS! 

.1.6 Jj^aJ! ^ j^Lj SWNTs _U й jjaaS! 


^J! cjliUaL]! Jjj) j!±iJ! AjjIa! AjjjU jjjj£ ujjjUV SUVu j^jL^a 1.6 Jj j^J! 

( AjuLuUI ^jaI! jLuujI 


1-2 nm 

Typical diameter 


100-1000 nm 

Typical length 

trC jJ J Ja 

0 eV/ - 0.5 eV 

Intrinsic bandgap 
(metallic/semiconducting) 

L-L-aj j ^СЛла) jLSaj o ja_3 

(c_]-uajA 

- 5 eV 

Work function 

cJxCj]! aJIc 

10 _4 -10 _3 Q cm/10 £2 
cm 

Resistivity, 300 K 
(metallic/semiconducting) 

jil^ 300 c4_iajUa1! 

^jj-ajA L. q t,sb\j ^j Лха) 

10 7 -10 8 A cm' 2 

Current density 

jLull AiliiS 

10-1000 mA cm" 2 

Typical field emission 
current density 

Lil» nl J jlull SiliiS 

~ 20 km s" 1 

Longitudinal sound velocity 

4_lS jlaSI Cjjj-aSl jjuj 

20-3000 W m" 1 K' 1 

Thermal conductivity, 300 K 

K 4<JjljaJ! A_iiuajA]| 

300 

200 )iV K" 1 

Thermoelectric power, 300 
K (bulk sample) 

4jj\jj£^]I Ajj! jaJ! ftjjSJI 
^AjAJjoia. 4_iic.) .300 ^ 

1000-3000 GPa 

Elastic modulus 

^j j jaS! (JaIaa 
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. 1 . 3.6 


Chemical and physical properties 

AllS JJC. 4njj\nl! jjJj^l! L_ujlj| jli ilgJaj! jjl 4_uLaill jJO Ал_и1а11 iu J 

> > (Hydrophobicity) *LU! > ( 6 jill) jjijll !лл ^inj .*U1! > jbjJU 

(JjU! L_ijjjV! J *LU! >J <ilxjJa 4 j n -ч j j jj& Jaj! JJ (JjUjjJ > tl^. ja jj£V! "^^gJLjjV!" 

>a\ чЧ 'il (>j c^U — ^U jjj Ujil! Л\ n -ч jj.\)gll -laj! jjl\n <jjlU (SWNT) jlj^JI 
SWNTs C_J_ijL_jl £Пи-а j^AJ .A_niaill JJC. SWNT 1! ^Ja-ui ^^ic. £.La 1! Lnlnjj^. ">jjij!" 

jjjJ Jjl! (J!Lq UjjJaxll CIjI-JjAaI! jjaxj SjSJjula (Suspensions) С1з\_а1л_л j f\ ji \\ 

>Ь jj ^(Dimethyl formamide dmf) >Ujji JJnAjjj < (Toluene) 
Jaj-uj j J\ > jbjLU <Lli jjc. Lq jac. l$j£l ^(Tetrahydrofuran тнғ) jlj>jjj^J 
л -l^j Л '(Surfactant) ^ ^JajuJ! jJjjl >a3Lk £a < 1 aLla 1 ! j! ^^Liaj£ Jjjxj jjjj 

LiaaLujj jl j^Aj <j! cs - ^ Ua 6 jjjj^l! ^Liaj^ jc.!j£l Ajjjljl! L-iuljVI 

Lgn! Vj tj-^Lk JUjj LnljAjS Д_клЬ lIlujjI Igi! jj^. >j .(Covalently functionalize) 
(j j^V ! AjjLiaj^II lj! Auj£ j-<iil j Ajjil! >a\-A^jU jj^. (JUaj njun (SWNTs L_JjjljV!) 
( jjjui^ jj j£i! j Jjju^jjjjl ljIc. ja -ч a c Jja) Я^\лЭ 4jijla j ^jaU-a c. <ajj. jij l^_i! jit»j >il! 

. jljj^J! oj^J Sjj^. (Fluorination) ojjia j j Vi dill£j L_jjjjU .A_njUJ! jljj^J! ^Jj 
jjLbnj^. l Lll j£ j! Alkyllithiums ljU jjjjL^IV! ^ Я1^.Ь11! JH/uaVl dji>lc.\ij > jj 
cnbUlJjU ILjL JLixj c JUUl Jjj^ 4 (Grignard reagents) 

djLl^j JxiU! cn! jjunLl! jli <jl 3 jj j£un \_a£ j . 1л j»*i jii^! (Derivatization) 

dj! jj SWNTs 1! j! cbbUl jj£V! > jj?> dj! ji ^ (j jbd SWNTs _1! 

. jj^V! jiaU! djljj jA ijic.\ij jj£! jj^j jiu-aV! jlaU! 


Lj^a\I jA (J£ L^JLLj (j jjLil! L_jjjjV! (^Jc. jjjj^ *j jj jj^ jl 

.(Derivatization) jliiLV! Ajc. > j AjaIa jjjd innjijU ^^jLkl! j ^^lLljl! ^Ijaj^I! 
L_flJj^nll Ля y‘u a\ j! ‘jjj^. ^nnSk/i-^LuiA Aj-uj SWNT 1 t jj^J Aijjial! ojg-fj 

j! > aV! j-ajL^a^n jjL \_a jjc> j .(e>j^-il <*n\j Cnljj ^^Jc. (j j“r\j V ^nV) (lumen) 


j! 4 JiLuil ^ gaJauU l jijill ojd >iaj cnU£ j>» > (Surfactants) ^s^LluiII »11 UaaUJl >1>1 ( ) 

.(^. >а! 1) A j-o oJIa j jjLui jjj ji cJiIjLuj jjj c^^jjjll Jjl]| Ja 
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олл jli cvan der Waals jl jj jjj jli 1 s jli^l (Physisorption) ajjU jiilt 

.<iUal! jjjkj CllllniaUj t j t jliJ! 4 j'q'nl U« j3a L^-ujja Ajjjljl! l_jjjIjV! (J x V 1 

-u-aUJI Aj^aLuu]! jjc.j jiAALujli]! cj!>lc.lij]l ^Ult jj-aU! jj£I Jjx-ain jLsl Vn^j 

.<_$ jjUl! jjjjil! l_j jjjb 

j^j ,<LoLk Jj^.! IjLiA-o IjjIj^. IjljiLuj! SWNTs II jg lVt 

<L^jj 1200 ^S! Jj-aj ajlj^ ciiL^j^ л 1 с. Jj^JI ^jjjjj jicjj Annealed jjj 
j]j tLjjl* 4^jJ 1500 (_£-]c. -l}jj Ojtj^. LjL^.jJ LS^ J^i^H Lg-jl£-QljJ cAjjJ-q 

jj£I L_jjjlj! J! SWNTs jo oCj^c. cjiitu-a L_iijlj! ^UuSt Ajjl^-o] ljj^L ojikV! LSL^J! 
j! j j^S! ^ IjjIj^. 1 g' jlLfc-Q ^jc. Ajjjljl! l-jjjIjVI jjl^j tLjja!jji]l !_а£з .IjLaa 

L-JJjljVI j-G Jit Sjl J^ CljL^jC Aic. jLaU! OJJXJ-a L-JJjlj 4 ^! j jj^jj .<]jL«u<i o.1uj£ja Ajjj 

jJjj .(Strain energy) JUiiVl <51 L J i_a!>llkVl J1 1 jUi jj£YI J51I CjU 
JjIL JJ jaJI SWNTs _11 j! (Thermogravimetric) Ujjjl! <jj! j=J CjUIiJI 

.<jji« <л. 620-450 i_s-^ <_И 


Electronic properties <j-ajt-aa2t .2.3.6 

Electronic band structure Crjj^V' Л.2.3.6 

^i j& Ajjjljl! jjjjil! L_iijlj! 2 _ia^J ^jLixAl! L_ii£jj]! j! j-o ^c.jS! ^^Ic. 

j-o tL_iiui]l !j^S j . (JjLcIa cJ^juij AijiLo jj^j V SWNTs lajL! j^S c4_uiil <jjA_ujVI 
Д_Ь1£ <ji£ <ilU jo V-^ jSS j tAjjji CjIjj j^£ c‘n*n] AjjlU l-iijU! j£ij j! (jqlVt-U! 
j А £ j-Ca jJ !La ^ U'ij j . ^ t/iV'l Vj -btj V <j-ajl cU!>Ij-q! ^jc. ojjliSI LjUjj^Jt j-o 

.jijj jjilV! SWNTs j-ajl <J^L^. 

(Discrete A U-oq't-a AiUa CjVL^. £<_£ jj Ajjjjj^SVt j-ajU-a^Jt Jajjjj 

j!a^ jU j (HOMO) J jaLg jb ja. ls^' j£ * j 2 kilU e> jb energy states) 
j-a J^jjj jA a j-oll AJL^JI ocUJ (Analog) jlaljj]! j!j . ^LUMO) J jaLq jjc. j^. 
jc. SWNT jjj£j ji^j jVI .(Fermi level) <j jLui* j-o L_jji]U AiUaSI c." (j **jj 

AiluJaU UajjJj jjaxj]! j> Ji» t jm-qVi j A Wg a Sf^ AjJji jjJ j£ djljj .ikt jjjla 
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LaA LUMO j HOMO jtllUJ 4 jjjji (jjjm .i>jj V LoAic.j .£ja 

jA ^j^aII AiLjaljj .AjjLII p z c!jI j!. 1 a (J^ljj I x>g УГп jlLlll тс^ j jz jUijjail jl jIaaII 

SWNT _S . (Exclusion Principle)i, » , n ^VI IjuJ CjVUJI ^ cCjljill 

^cjjj tAijjiall o^-Jj . (jUajll ^jujI j H-caj^i ^LuWI IU jli AjIc. j cSjjj£ 4jjj3 Clllji 

471* j 7i jjSUail! <_$! t LUMO j HOMO ^Uaj p z Cj!jI.1a (Overlap) j£.ljj 

£jUa]l jj.lraj (_^Э AjaAI j^VI «Ixi / 7 z CjIjIAa jli il^A j . ^.ajjS (JjJjaaj jUjj^aaA]! 

^jwiVl jjjia jc. 1 Ag \f\ кЛ\ ^aJ jlilll (J* j O (jliLLaUl Lol) .AjjjLill L_JJj\j>l] ^Ljjj£ 1 V! 

4 Aj 3 jl ji jj V J JJ 2 (J jJjoIA j ji J CllJkJ I jjxj jl '\A\\ La^LU 4 Sf? 4 _iJJ j>i! djl jl Ла]| 
. (< 3 . 1 a. jLUU j£-aJj 4 Ja-WVI jj н ja 7 Г j G (JJjIaa]! Ua^Llkl jl La£ 

Jajixij (jlijujl j-o SWNT 1 (jLLai A_nj (^ic. <]jg , a j,i i (J jj-ixaJI 4 )а^\1 jni^vS j^AJ 

AUjia]lj 4 Aj jjjjj-UI jja! jai! AjjLj] p z djl jl JLaII Ia£j ^j2l 4 jaja£SI UjjUiAl] 
Jxjjjoj) AijjJa AjjLui^. AjIac. -Iajxj j . ^Hamada j ^ Saito (jA л_ 1 ^_ 1 а UjAj^. 
dVIUI iabLLkl jja jjjj j Multi-body interactions ^>11 sjuxja CjbUUj 

^xjII ^ U *'\ j CjI j!aa]I ^gic. (jfUi (iaia 4J jSVI j qjj 1 >a'I Wavefunctions Aj> ja]| 

:^qjj3 (J jJjoia (Jja. AiLLall i." n x : jj' ^LjjJI 


E2d{ fc) — ±У° 


и 


1 + 4co5 


л/з*. 


COS 


k y a 


\ f 

2| 


v 2 , 


+ 4co5" 


м 


v 2 , 


(2.6) 


jlij^A 1 аЛ ky j k x j 4 jjUa (Overlap integral) (J^Ilja JaI£j ljjSI jA y J* n«\ 

ь La (Jji-alij j£xij. a Kl Kl j t k jjjjjSjyi (Wavevector) Ял. j-o 
J . (Qualitative implications) ,Jt U JjT t> jji&j <bUJI 

^JjVl Brillouin jj jLjJ A „U 1 a ^_il <з!_1а]1 , ' 11 ^ U'i , , l.A . >*д-ч 4 q L. _ \1 UL.J. л 

^Э 4 i u q j CliiUij]l jgiaj . 4_ilk o .la. j ^ij U jjoUa 3 • 6 (J£ja]I jgiaj (J Ul 4 jj^l Jfi] 

7 t jUjjj£]| -j>jj 4 i! Lxu . /C^ M ,P i i_ilxS! (JjIaj]! iaLaj djjAj c*’ ^ 4»6 (J£*iSI 

.LaLej Lt\*tAA к ^iV! (jUai]l jj£j ti]L] 4 jjs!j>i! jjA (A_iuj|jjaj) AjS 4 0.1^. j (J£ (_^э 
Aic. Qj>ja (^_ajj3 (JjJ-uia j! *t»j iji]i ,K <ia^j (J£ Aic. jUaj] (^ajLaa JZ (jliaj j 

jUai] ^jVI ^ailj p jal&jJI jUaj] ^^^V! ^U! jjj (Degeneracy) JbUjVI 
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jiixj 11 . \иЛ\ Ij^Jj .Ijjj^ (_£jJjoia Л1с. CjVbiJI AiliiS (jj^J ‘ * 'J— 4(Jiojajj]l 

. ^лЛх^й i iaoaj jjjljaJI 



Reciprocal lattice SJjU 1 »]| 4±Л1\ (lj)j t( jja| jaJI <> AJi, sj*j (i) 3.6 Jiuill 
.jjjotxil bisector * iLalail i_ ijluil Aiauiljj Brillouin jjjLjj A ftLj aLIaaSI 

.AJjLjjs AIjjjij AjJjLs. AIjjji (jjj x2 jujJI ^Je ailaj (jSJj 1 Jjj JJ (JjiLIaj lIujuJ jIxjVI 
M j iAjj! jJI AjJaJu 'jk K j lAjJaJuJI jlju ,J. Г ^ jJjJjjJ AUaJu JllJ A «g д!| ^l jaJI 

.Aj&JaiaJI Aila. ‘ ,J> 

-(jjjJ jIjxaII (Periodic boundary) (JJjjJI JaJI JajjJ АааЛхЛ sJA jjuJaJ 

A^jjJI Ajlliijl АаЛа jA 7 i :, u^ ^ ' т ~ ^Tt/ c Born-Von Karman jLj£ jja 

«Lj! ^ k-ii jj/La jcLj t^Lxjj I L - tljjl ■ ^ jjc j* y j (Lattice translation vector) 
:aJjLxa 1L f ! j ! ja JSLLj Reciprocal space direction JjLuaII sLjaill 

dk^_2n (3-6) 

rW r 
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J j£l£i]! lilkj J jluJ-4 QA Uljlllj jIxjV' ^Uj (jiSljaJ! CjluU jtJaui 4.6 (JluJ! 

. ( A_i£j jjjV 1 AujLjjill Амж.ауИ (jA J jlj 48 £^jaI! ija) . K Aklj j£ л!& JjLuiIa j Lub 


jj*j JLl k jkLlli (jc. 3 — 6 aJjLcaI! Lj±iL ulljl cLLVb^JI J! Л/ jjLj 

Jjli c AjL^j V La ^Jj LLqj (jjsl jaJ! 4 j^jLu£ 3 jl Aj-La jsl\ <* * Uti^i j . ^.1 j .Ixj c /V 

(jjj ^Ll^iV c_jjlijj o^C-LiIa k djVL^JI (jli LilJI c^jL^jV Ljaj! jA <j jajoia I I jj£I 

<Lualo cLVLiJ ‘UUJjj .aULl (J\ J (Infunitly close together) (j^xJ! 1 $ ,>» i 

.Jaia (jji! j^J! (j^ J ji\ Brillouin (jjjLjj Я1к lo ^ (Continuum) 


<JajuJ (j^AJ (.“ П^к \ ojj^^l Ajjlj-o ^jIjjL ^J! SWNT S! ^jJaSl JjH 


V ьА'\ла jja! ja. 4 JaJjjoJ! IJa <JjulLuj .JajuiiLoj jaLaa JaJjdi ^Jaxj] (UnTOlled) 

4 vl jIjIa! ^Jc. (Finite) ъ jj.wx> 4 1 ^ \^\ j c jj^aII oL^il j jL ^^^Jc. 


I I (j! Laj . ^ I^jjjU! -l^JI JajjL ^_iuaJ cajjlVI ^JLaJ! o^J . L^-aLij]! 

(JLjLj . dk c jdN ^ 0 j! (3.6) ^LLx-U! jjLjj IJ] tdjljiLAjjL Ях -Laj (j jju c.* uxiJ 
^J-uaiiA 1 ^l£]j tL_}jjjLM jj^-q jjJa (Continuum) Я L^'L k—ciS^ La. 

S JjL Jc. (Discrete) 


Jajlal ^^Jc. Jj-sajLo Д_а j-*uuia]I SWNT I k ~ djVL^. jl 6 JjjjLia IJa £JJJ 

jj*\ a\ Ajj ! ja ^xil cjVLaJI oJa j! j cjjsl j^J! (jA (^JjVI Brillouin jjjLjj <ilalA Jll^ 

CLjjJa]! AiUa (jJc. J ju-aaJ! ^aJJ . dk c j dN JbLl (j-Q jlaxj]! 1 g ks-xx \ jC. <L-ailA L_3 jjjV I 

lLJjj aJja! ciUljAj .Jaia k~ lLVL^. (^Jc. Jxuajiil (2.6) <LLxuJ! -1з.Лаа (jjjia (jc. 
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1 g j i jL-ali^V ! <а1а!л LaivSA ^Э Д x Wa'lA Ja jLa^ll j j^Ja (j-o ^aC. ^)1! ^1с • 5 • 6 (J^L'ill 

.oJllA-<JI 4 чЗУ^а!! ЗоЗоЧ.о ^Э \ g'l^Lubo Л^С. S^-oi» шл ^э! jll ^Э 


j)^! j>il 7C* J 7C jjJaUaJI jaj aj^3 Л> jj t4*6 (J^juJI ^ j)Jj-o jA Lo£ 

SWNT И jjj^jj-u ^ul lJII ^jxjj .(Brillouin) jjjjLjj <iLaio j)* K Jalaj I эс. Lo jjl^-o 

(Wavevector) 4 _>ja a v'ia (/(" j Г Uajjj ц^Л! 4 V'iaII^ K j£j ^ Lo (jLLaj Sja -э 


. 4 j U. 


J-OJObO 


( ] ) (v) 



£l ji) (3^3) j t(2t4) t(£j*iU!) (ОсЗ) —1 Aajjuji a 1! cilil jj1^,>"ij (1) 5.6 j£-uJ! 

jli j— alj (jjlH! t(3‘3) (ОсЗ) (jJJjfjbU Ь^Э K Ajaij ±С- .SWNTs (,^-uj j5Lll 

k~ ljVIa lajiai (j! ia^V .(jUaj S ^>Э Aj Jllll tJ^laJV! jjiaj V (2c4) ujjjjV! . jJ*-o£ 
(l_j) (Annual Reviewsj-o jjL 49 j>ja!! j-o) . >_ i jj! Jil uill! a,>"u л_о $ ±oUio a^j^ulU! 
A. uuWL jjjU jA AaCjil! AiiajSf! jLlij j-o JjJjU! J j> j j! .(6‘6) SWNT _J (jUaJ! AoL 
. (Aaijj^V! Д -JLj jjii! A-j*-oaJ! j-o jjL 14 J>ja 1! jo) .SWNTs 1! (jl\ 


(^Э ^ jj! ^JaLuiJ (JSLt 4_1а1а Ajc. •L^j-ojuia A^LjVL^. l^J L_11 jL! J\ Яэ^)х_а] 

l La )*ч a\I (JjJa ^Jc. Д -J jjU! Jj.1^, Jajjji 


K • c = 2nj 


(4.6) 
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.Tua j i К ' С ^\J^\\ . ^ )/2 4 aJ jLi1a]| aTu'UI Clj\g у\л\\ LIV .Aj 


:ljSA . a ' ' b ' 2n ^j : яьи-в Я£^1 


Kc 


Г Қ-Ь 2 Л 




(na j + ma 2 ) 


( 5 . 6 ) 


J 


n - _ m - _ 

= •«! ~yV «2 

2 п 

= — (rc-mj 

3 

<^i (5.6) (_>Цл^л1Ь 812 = 821 = 0 jV ^fiVj L_ilL^aj]l (Terms) jj-la. (jl 

^uVU SWNT jlixJI jA cilb .(/7-/7?)mod 3 = 0 ^^iaxj (4.6) 

£_л LjjL-a j-o c_fl\ *.-V)l (_£j^^l SWNTs 1\ jj£j ^Lj-*^ 'K *Uaaj AjC. Jj^.j-«uuj-q 

•0*5 ©v jj^^. Sj^3 jj^.j 

C(JI jjaJi ILa jc 4_jLa.!>U ? Ajj2jlq oJclall оЛД C5^ <jj]l l_jjjUVI (Ja j^] J 

cs^] (J^ U jLula Aj j-ujj Ля» jj i La . (jiSl j^il jl -^> £■ LbJl <^Э jJaUI \.n\c. j jj 

.(Overlap integrals) (jkl-iill UjXoI£j ^ jjjj Luo tju^UI JajljUI uj jLujI t<jl jJaujl 
(jjjLjj <iLaj-o AjjI j a !\. ^э ^^LiL j ^ oL^jI /C (jjLaJVI a L»qj ^U jjl л yj’ \ \W 
(Jl jj V ^ j-qjolq -L^j-o 4 y\/S\ K |_^J ^jlll L_jjj\jVI j* Ai^*JI jli tl^Aj .(Brillouin) 
-L^jajola CllVL^. (jja iajlxk <jj]i V \) )LjL/ 1 UlL .ajJ»_u^a (jUaj oja^ L^jU 

Jj U JbUuVI ^bjjl jV Яилх-* LL. jj£j ^ 2-c (Superimpose) c_j£I jL 

оЛА (j! jl^Jaj J.WUI jjc j -0 *Uxlj . CiLujjll ^Э jg i-i'i (jUaj aja^ Vj cL^.j-<uula 

. /7 = /77 ^joi j£ ^ I j 3 uifjUI L_JJj\_jV I 

Aj JjjjJJ L_fl JXJ A£j-uJ jljflJjjjl ^Лх! wl jll л» )\1 Cj|j Ajlu<n\l л! j-Ul 

jLujj Uq t(jj^VI jj-aijj Jajljjll jiaxj Ujiaj c“ n-\ (Peierls distortion) jljjjj 

c.“ Tuljj jUU LjjUI CliUul jVI jV vWj 4_Iajl jll ^ (J^jjII I ЛД .<ScLja-Q Ajlk S.la.j jc 
Cd.ll.jaJ! UjVL^JI оЛД (^i CljUjjjilVI l_jjjjj ^sJJ Loljc Vn^i LflJ jlaj j j-UI AiUall 

ojai ^^Э Sjxj ^ИЭ <^Л Lj^Luaj 4 > jj 4_*jj .^Uajll LiUall ^Luaj jjajLkj A y jj\l jj£j 

(1D) jjLa.! Лл -J ji jlx-o (Jjjall jljJJJ ^Jjjujj] j^-GJ tti]]U .^_ajj3 (JjJjola Л1с jUaj]| 
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(jjJ^)^]i L_LlAjl Cj^.j C-Ullt btSjllA (jj£Ll СЭ ttilli lUtljj • J jU jl (Jj .-ajA t iu-aj ^Jj 

(J j^. (jjj^)£ll lIjI ji ^uJa ®^- c '] ЯШа]1 <al£j jli ctiili £_* . Дул* Ut AjjjUll 

с£э i JHUl (Jjjjoi t jl JJJJ 4 j jCuj L_fl.l^. yjj C*’ ij^i 4 jl 9 j^)a L_J j^U с> 1 £ 1 ! JaJ^-All 

<Ujjjj^iVt AilJail JJJ^II L-boi^ilj <jjllo IjJJ^ (jjfU <jjJl AiUailj 4 jUl <iUail 

ЛлЭ Laj ь jjar SWNT !1 jljJJJ й j ^3 jj£j C(JUb3 j^_i ^^ic-j . jl JJJJ AjjjolI] 

jjuujV i jj . i^jUiij jjjLjj jl o Jj. Wx> fijlj^. CllU.jj £_л <1л^_л ^_lx-aj Ajli^ll 

^i jju^j L_fl j-ujj 6 jljJJJ Ajjjujj L_flUa-Ul AjI^J ^i ^j-oJ 'ijJJ^ A-Jbtijl AiUal AjjUjjill 

.SWNTs 11 Aj%jI£jU 1 j^jI^'I 

Electronic density of states JVbJ ALjjJllVi AitiSll .2.2.3. 6 

: JV! (DOS) CllVUJI <ilii£ ( ijilc. _J^ ■ J 


^V_^V 
clE clk dE 


(6.6) 


k "Ь dk j k jjj k ~ ciiVUJl jjc. & cJNj dk r ja (3*6) UjU-Ail jjjj^xa jl 

.(cijUjjjilV! (j-o (jjjjl UUu (_]£ и_1с jj-ujj jl j^Aj c" п*ч) 1 j! ja _Lxk j jU ^^lc. 

Jjjii UtjJaUJl (2*6) ^LLtAll £a ^JaUlll (jj^)Ia jC. dk/dE (3-U J (j^AJj 

JjX-O^Ut (j^AJ t(6«6) (_^-Э JI^jIujV! J^U, (j-o J .Lg_J JAJULAil <L^,Ja 11 LjlLg_^IlA 

.AiUall c" nli'i (jA (jjx-a SWNT (_^V CliVUJl AiU^ (^lc. 


(_^1 (jl jg Jaj Ua j iSWNTs "j jjtl DOS ( 3 -U- <iul jg Jn'i 6 — 6 J^U'jlt ^э 
c'n^ i (Straightforward) jjIUa ja! ja (Explicit derivation) ^j>-a jliuil 

DOS 11 j] tVjl .AUdallaJt (jVuCl <A$1\ CllUuudil (_раж_1 c" ni 1 ciiii £_д tlaJjuiijii 4i.l^. 

(van hove lUja jli cd jiu (Singularities) Cj! jlcj ^c. ^ jj^j L_jjiil JS1 


jjjxjII (^jbu DOS _11 <1 cUa jV cAjI^j :tSlli UUjj .singularities) 

jg h'i LllljUull (jli ilc^Aj . (jUajll ^jjl ^jc. AiUa Eq Cjja. c * ^ 

^j-a^l л£ jluiA Aajuj jA idii (jl j c<UajVl J^lcjj Uajc. j cjLLaj J£i (jjU 

(Band (jUajll A_ijj (jlilul (j-o S^jjoiUa jjU AjJ c UjIj . da.1 jll J*JI Lll j ША\ Ulall 


(yj j . jjUaill (jjj AiUall 


a 


structure derivation) 

• ^ (jlc. Ajijxj t4j! jjjij 
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0.075 



E/u 

.Aj^aj^i < jl лк! SWNTS AjjjJUi SWNTs AjjUj DOS 6.6 J5XX1 

JjL J & 0-03 j 4 jjj*jji i_ujUbU DOS !l (offset) aJJIjj <jjajj*j XX 5 .0 -jf- 3 Д 

AjSJj Aj^ajJI ‘ »' iuaj| ujjljbU Ef jjt jiua jA DOS ji ja^V .^jiUjUI jja. 

Jbui Jl Ijlaj (jUaj AiLa j£ Jjfr LjljjjUjl LuUj iSWNTs Jl л_идаХ .Ajjj*uUI jjjjUSU 

.( Jjjjjj jiUjULe jIj (jji j jU 50 jjL' jjs) (I Jljjjjl jjaJI) .AjjaiUjjjl Jlj^jl 

t>j .SWNTs _ll (Spectroscopy) Я^аЬк^ tjku Lui ^Lu ulljj 

. •' ‘-.'u .j tjl SWNTs i ^jl S>i.VI AjjVI jjjj La i^LojAkl jjIUI 

ajjj^UI cuUjjjiiyi (De-excitation) SjLI JjUul jjt (Fluoresce) (jlLu 

.uul jlull jjj s jaUll jjc (Promoted) 

Vibrational properties <_jLiUI <jjaituai .3.3. 6 

UjVLaJI AiliSj jjjjijl . ijk .1.3. 3-6 
Phonon spectrum and density states 

(jJjj . diljl]l Ai^xll i_£_i3 A_ilk оЛл. j AjjjUI jjjj^ll c_i_fjLbl (JJjJ 

j-o jjj£ ^ll cojj.ijj c(Vibrational) t_jAil!i]| ajj^. diL^.jj j-o jjj^ ^IJ udll 
High-JLJI JjUjII ^j .<j£dJI (Phonon modes) jjjjill -LUil 

jwi Ььо cSjj 160 ^Jc. ajLl *i^j l^-li SWNT _1 ( 10 , 10 ) symmetry 
jjfLij iajlc. degenerate jja^jj JaLdjVI jjaxJj . L_j1j Lj Ja-aj 120 
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(jl (Chiral) (J!jj£ L-ijjj^/ j^Aj £_a .JaLajVI j-a (Ji! 4_all^A]l " jjjji]!" ^jji 
JaLajlj <LoLuj 4-Ajli jg J*>*1 LaLj !U . Lg-jjjji ^ jk ^Э ^ji 100 (j-o j!i£! 'L jjfL 

. CjI j jjJi1a]I ^э SWNT il jjj ji 

jjjji]| 3 -iAi jli . J^lwMI jj^JI ja ^ix-al tl^jjA jjfL jj jjj*j]| IJa jl Laj 

(Lattice A jj iUI l^-klij Jjj. CjIjLU (Coherent) ciL^Loio l_jLjJj jj^a ja 


II < 3 U. ^ j . 


/zcof k ) 


4_j j-aLk C." ПиП ^ W ‘ia jjj ji Ja-oj j£] C^aLc. j£judJj .pOints) 


JaUjVI ^^ajujJ .<^Lul1a \ g'V'u'j'i djljWlA ^Ju-al (J I JaLdjVI йЛД j^axJ jjAJjj cSWNT 
\ g ks-ix ) £-a 4 » a'i-n a ^jjiil (J£jjjjj t(Branches) lc.jji j>i» Jl \ g l>»» i ^a jj&jjj ^ji]! 

ajc. l-jLj^j!] (Wavenumber) ^_^.ja ^l*j JaLajVI jj»j ^jj La LJLc-j qjL»\I" j>>» , J l 

j]| <ilb ^ (Acoustic modes) al^-JI LUj^l j) • V = )/2nc p a Ui\\ \ 

.Ajju^aJ JaLajLj Aj^j]! ^JI 'ijLoiVI ^aJlj • A- — ^O l-ALic. CO — ^O LgJ 
ji Luj .2 D jIxjVi ^jLjj C." n Л*п 4j.j] jjSlj^-I! (jjjji L <ajL» jA ji JS jl 
Jaj^. a\I <U. ja 4 ~ч"]а (Quantization) ^ja^'i jiajij <jl jLilJ ^э jj^l j^JI L_alij]| 
Ли^ SWNT jjjji ^УиГп jl ^jiUI jA jj£j t (Circumferential wavevector) 

A.JC. ji AiJajl ^j jj^lj^JI jjjji c" l'l /j'i 4 qJVtA ^gJa jjjla j)C. AjIc. (Jjx«-a^\l j^AJ 

ajIj c." iWu J L^J^Lk jA ^iil! lUL jA^j jaLaVI (^^л <^JL»_a]I .j\_»_jVI Я_ри.1 

^jj :Цаил \jj\jjj 3 jjfLJ <— i a jj*-° j^ Lq cJ^ jl JSI (jil jjjj Ajjjjj^lV! cjLki]! 

\ g 'ia (J£) jLtjLfl AjjU .1 о^Ллла <JC.j3 Ailajl ^Jj jj^lj^JI c. <aj)o j)A ^ji (J^ ^uu^j 

лэ\и£ ^э (^c. ji jLLaj (J£J jj£jj c(SWNT \l <_ jLa ^э ^.Ij ji (JjLiL 

o .jLkJI AiU ^ (Phonon Density Of States-PDOS) CjVUJI jjjji 

* 

u_illl 4 V‘ia (jJa^) <Aji J AjjjIIjj^ oUjI Aj-uiLui^. ^^C.ji (jUaj (J£ c." Ги*п\ j\i ttilli ^^lc. 
. ‘ia\I ^jji]l J-ijj] ^JJj^jJI (JjUII ^■Liij (j-3 (_5“U]I 4 qk‘lA <." l\ cc*i]J £a . C 

JUaJI $ jij c(Tight binding) ju>»\l Jajj]l Aijjk^ <LlJI jjkll Г и Л с . j 
jjjj . (j jl J^L'j JaLojVI ^jjj^JI l_u£jj]I ^^lc. i jjuiLja <iJaA]l (Force— field) 
Lujij L^J 4 q\"i4 a SWNTs Aj^yU PDOS \lj <jjjoi^_a]I jjjji]! L_il_iLa! V»6 J^LUI 

* jka]l jjiaj 

Д_и jj-£ 3 JaLdj! <»J j! (JajuJ ^jj]! t 8 • 6 (J^juJ! ^Э 4 ~ч » ja ja]I JaLojV I jj 

JaLojV! jjj . 4_usaU. 4 _jaA! culj LLul au^jj (Acoustic modes) 

Ajji CiUI j) l$J t (Longitudinal Acoustic-LA) J J> iaJ ajjj^I 
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(Transverse Acoustic-TA) jLua jc. u'-^j jjp-4 ajJja 

t (Twisting — TW) jiiill JaAjj c .__ j i j са_л ^ic- <j j sac UiU jl l ^ ] j c / jLLuJa 
^J c. tLA L*..',» . jjalj^J! JJjIaa JalAji jA JaLajVI йЛД jjjaJtJ jjjjj .JJ jjJa AU jl <1 
J\ jJa T A JaAJ Ljajl jjfl! jal] • U?J' LA JaAJ jjfl j JajJalL jA . jljjJI jJjJaj 
.(JjJjjia]! ^ jLa. JjLa.1 jVI jA JaJs (jj! jJa 4 ZA Jajijj C(J jJjjla]I CllLa,l jV! £-o 1аДЭ 

AJajo.1 jj SWNT _U Doubly Degenerate JjlaUV! Uj-sjA JaLui r-Lj! ^ 

TA Ja-cj] .l^jj V .(8*6 JL jJ' jlajl) jjjj jjL*J! ^JC. ZA j TA jj^ljdl ^Jajj Jala. 

.(jjaljjJ J]Laa SWNT II J 



j_j — ii 1 ье: uj II i ^ -II I 

Г X VDOS Г X VDOS Г X VDOS 


(2,8) j t (9,0) j t(5,5) 11 PDOS Slj 4jj,h-v<iII jjjjjil! LilJai 7.6 JLuJI 

(2,8) i— i jjjSU 4-JaJI sJ^j uljjixj (jj 4ajilj Aj&jil! AilalSf! jjj jjAj! JJxjl .SWNTs 
(jjJ . | jjixj jjSV! (jjjjill i jjjaj jjL jj jj| Ajja, CjLajJ jA jjc- jjSI Ajjlij .JjIaj ^Jji 

(Elsevir Science Ltd. j- 0% 15 ja.>»j| 

^UUl (Jjfljjll ^ajjli c J jV! . Aj-al^. AjaAI cjjjjjj-jaj (jjC-jfl] LilljAj 

JaAj]l (> JjLiaj jjji]| (jjaiijjA c_jjjjj jAj c(Radial Breathing Mode-RBM) 
(165 cm ^) 20-4 jjc. iLlli c- i.s^j c(10‘10) Л ajjoijJIjj . j^ljU] ZA 
J 1 1 .-.W, j ijjAj j djjja -й 5LiLaj ^cjjj Ajjj]! ciiUI jVI jV (j-ifljj]l jaAjj ^c-Ajj .meV 
Jajcjj RBM J\ (jU»Vl ^paxj jlAjj jlg, Л1 j-aiaj j AWiI I^jLuLq l_JjJjV1 

jA ^aij . jl jjA^l (JjLoj ^lc. l 3 ^ i (Point groupj лс -j-a^A aJosj jAj 
ЛО) LjjjjVl ^ c (Doubly-Degenerate) J^UjVI ^^yE 2g (2) 

^jjlajj 4_j£J t LA Ja-«u Ja-<u]l 1 ла ^jJjj) • 196*5 meV (1585 cm ^) .ijc. c(10 

.^gJc.1 CjliUa JUC. l" I,Kj 1лд j tAjjl jiUl LjL^.1 jVI (j-o V^j 4_luJ^C. Ajjljj-o CjL^. 1 jj ^lc. 

Raman activityjUj JaUj LJ jV cjL^ Elg (2) J d] j j JaAjl l jA its j! 

•С5_Й 
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Sauvajol j . i cJ^-^ RBM II jlaa cIlujjj 

j -q сз^* сЗ-°^у ^9*6 1 mx> c(Mastercurve) Liujjjj ^ Wia oj^Lojj 

.cljljlnll JiaI (J \\a\ A-Jti]l aJ^LcaII ^ . 4 _j jjui^-aII j A^ujj^JII 0j\lij]| 

V = 238 /cf m (7.6) 

jAj tSWNT II jlas i d j cm llj jAj tRBM 1] ja]| ^л*]| ja c v <»" i 

SWNTS 11 ■ Q ; ■ ^ y 4 xig a Я14л_л lg_il ^ic AjjlxjJ! йЛД Clujjl j ,nm llj 

= tAii:ij ЯНл_. blp.! j^J) ■ Raman spectroscopyjUj ЯкЬк. Я_кк jj 
0jllij j\ ilaxjj i jka. ц- . jjjlalxjill j-<i Ll£ jl . dll j jjlkOAll 4 V ( 224 / d) "Г 14 


.(Ljjji! ЯШлл 


jjl jxll jiillj AjjI jxll Ях-41 2.3 3 6 


Specific heat and thermal conductivity 

jj v i k Л CjljjjjilV! jk ^ajj AjV 4A_jk.UI Яв\_к11 jljjj 4sjLall jjj__jj Aic. 

kiilljA 4 jilil c . ^Jc! Яз1_1а Cjli jjj j3 iaLojl ^i! (J j . -a jll Я jj\ Я _1 ^JLilLlj 4flj\liji 


(C) Я_1 j! jaJI AxjjJI > (Cph) jjijillj (^el) l> i >> I— iLjL^jji! 



RBM 

(20.41 meV) 


TW 

(15.00 km/s) 

ku (!) .SWNT (10,10) 1 Я x * Яз j л .SWNTs 1! > д»(« ujjjij JaLu! 8.6 JLuJI 

(^) .(doubly degenerate Jib-WI ^») >>-= ku (tj) >>-= 
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JaAJi Aig iaui ( д) .( JiLaJVt £jJju) E 2g (2) Jxu ( j) .(<jjjLd) twisting (JjiJI Jaj)j 

| 4 — J^ .(j7~ I) .AjjjjaJI JaLubU J;j' ua. Ul JjjjaJI Jjl&jjj ^JI ejLuiVI ^JJ jjijj 

.(Z. Benes jj jil 52 JAjail j^) ,4?iiin Ajjj^j jLalj jaLul ^jAj 



1/d (nm' ) 

t 


JjULuil jjs jLi jialllj RBM JJjj jjj Jjfcbiil (^jjujjil ia. * ail jjaj*j 9-6 JSjjJI 

.( solid symbols LLa j>«j) Ajjjjajilj ( hollow symbols Яё- jli jjuj) Ajjuia-UI 

.(Elsevier Science Ltd : ju jiL 15 ja.juil j->) 

Uiii^j jjjjill AuALj ja Jjjjli 1* ' j ; 100 — ^ph/ ^e\ SWNT 11 jju jsi 

. T = 0 Jb Lul j lill i (jjlajjj . C ~ Cph 


ajjjuIL u 4ilJa]l 4ilii£ (Derivative) aLjjjlo 4_ic.jj]| Sjljai] j^lj jUjj*l 

PDOS II ^Jc. jjA£jil iJ]>Ll jjj u ^Jc. j j. jj 1' j£uj iUjjUj .jjl jail J_jjj ^JI 

^LuulI J± ulj (йсо) Ш t-jLjuJlj ukL (Weighting factor) ^jjjj ^ 
L_jLjiaJI jIj Lia£ j . ^ ^JJLa. LJJ ( UjL jj jiSI JJLa, jjJ ^-J jjj j-a ^Jaxj) 


4jj*-a jj ijjJ^il Ajjjl£ L'jlj J 1 Occupancy L'-j-jV I JjJjll jj ;4 U nj. jj. j^ij 0 nU J-Ujj 

. Fermi distribution j4 jjjj <J »“' л Ц*-* » j' j^ U_jj ^c. 
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С( D =—= — \dd)D( (0 ) — 

dT dT J expf hdd/kT )-1 


(8.6) 


. Boltzmann's constant jUjiljj ja /Tj PDOS D(cd) 

c." П*ч ^ (Jxallj ^sJ ЛЗ idjlj^l! Я^.^л1 jliLo! £a 4_1a1x1I CjIjjjol1a]I ^Э SjLc. tiilj jg,J->jj 

4jj! j^_l! Ал_иЛ L_fllijil (J-elc- " 1 D(co) C-JjLa (Jj-aL^£ <Lal£j-<iil 4_1 a£ 1I jC. jJixjll ^»JJ 

\ л\ \ \ <\ LU jjSj U IjjU Плд j ." Heat-capacity convolution factor 
jA ^jajj ttilii ^ . "i«iixA Я1Ь D(co) —II jV USju» (Analytical solution) 

SWNT 11 4jc. jill A jJn'iVI >a .1}Лх1! jjfL cAIjjxa SjI j^. CjL^.jJ ^lc. AjI V»6 (J^ xjII 

Jl (Jjj^ajll j^AJ (^ 5 K) 4_JaiL_lA ojl j^. ClaL^jj Л1 с. j£l j cVjALa 4_Lkl .V iaII 

ЯзЛх11 4 -sjnil J t IjLl Vl (8*6) ^aJjij j^AJ C^Uall! 1 лА > .Jaia AjJjj-al! ^jjil! 

ij^L ^j лэ^ tSWNT 1 ^g-AjA^ll jjjjil! <. ajlai a n i tlilij .TjC jjj 4_ilx^J! 

.^jjai^i^ т oj! j^ Д -^jj л!с. AjjIj^J! <xjoiil jjoiLiaII juLiil! <Jaj_u!jj Lujj^j !ла 


Ajijla A-ii jj-a Cjlljlji jjjla jc. 1. пЛ)а La оЛ1а ^Э Cjjj-ai! jjolIIj 

Jja ;LkJ jj cjjx-jiI! jj jj^ ^j <(Longitudinal acoustic phonons) 
bjjij (к) ajj! j^J! jjijiil Ajix^a ja jli cciiii ic. 6 jLic. .k = 0 л1с. ciiluiii! 
л! jJI ^JixJ jl .(Mean free path) jjJ! jLuiaI! -k^jio > / = CV 5 / 

^xa jj£L/I 1/5 jj^ljjj cSWNTs llj jj^! jU! j ул cJ^j * ^5 — 3 — 6 kms ^ > 1 иа 1 ! 

jA ^jIj j-^LA a * i‘i jaII a a jll олл j .. — 20 kms jAj LA L»a J l 
jc. ojujLia ^ijjjuLA jjjj^ — jjjj^ ajaaLuuI! <Jaj!jl! (Stiffness) s^Lui^. 

jj^! j^JIj juLJ! j)A (j£ jlajxj l j jj j^l! ^Ic. АлЪаИ UjaII k*\ LL aII jj! j^J! (Jjj-a jjl! 
\*л ii' j \ a \ Д w п! . ч^. I ! ^^JjujJ j . <ijLlXA Uj- CjL^.jl Л1 с. AijJXA ftjl A jV JuliA K (^g-lc-l 


1 <AjjLAi! jAaI! o.j», 1 (Crystallinity) jjLiJ! •L^j^j ^jLuiJ! л^э с j^J! jLulaI! 

LLix-a jj jl J jk! Ajjkl JaVij . (JjJa^! jj! j^. (Ди -ajJ ^J! (_£jjj лэ i>L SWNT 
j)A JLk j j-1L1a ja SWNT > 6000 Wm K ^Aijxl! Sjlj^. 4_^.ji л!с. Ljlj^. 

^Э La jl^A ц^Э A Ajqll аЛЛ £_Jai AjjLjajAi! AjJJj^jll CIjLLJ! j! j)A jl! ^Ic. tL-JjJxi! 

400 Wm K ^ Aijxl! 0 j! ja». Д_^.^л л!с jul_^_ill ^лха! .20 — 3000 Wm K ^ ^ла 


.K = 
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Mechanical properties 
Elasticity 


4 . 3*6 

1.4. 3.6 


jJjJ ^Э SWNT II £jJa jJ 4_LaJJjji]l (JlxijVI Ailia jl jjj-sajj j! \ TKaj 

jjjjV! j 4 ^ ^Jjla]! ^jijx-a]! jjjjiS! c.* nJnj (J j^Li jl ^JlJjlaJ Л L*o djlj jj^J (_£jja-c 
I j^, <IaJjaiJ л£Хс- cilliA 4 ^хэ! jll ^Э j . L_J jjjV I J ja»u (J jla LT^" ^SjP ljL^.! jJ jlALaJJ 

AiUjill P c*‘ 4 I/5 = l A_i]jla]l LJjj>*-a\l Дх. jjujj (Y) 4 j jja]I (_}-о\л-л jjj 

<jj\,yj < a\l CjI jj^jII ju Lljja. £tj\j SWNT U <Jjjoi^-A]| Cj^yLalx-ol] (JAa ciUljAj .A_Jj^]| 

(j jj ji]l djlYuln jl Laj 4 Ljajl J • L_J jjj^ I jl j^. (J^jjuJ (_£ L]l <ijja]l (J j\_al jj^! J^-\! A£Lajoi] 

_JI (> (J£J ^^itjjj !J ^(Wrapping vector) 4_ill! J! Я^и]Ь ^jxJ 

AjjjJ! (J-qI*_a jli 4 jjiU^ll oIa (j-o ^c.j]\jj . ^jiiS! jjIS! j jJaaSLi \ q\»'n jl V \!j V s 

1000 J! ja. jA (<j]jV! AijjUlj Ajjjja-S! ^jliuljjj! л Iiinl jj) SWNT 1] l-jjjoi^-a]! 

.GPa (1 TPa) 


^ jjjLjjjl! j 4 Kevlar j!>Laj£JI j iV jil! jjj j^j ^Lj-q jW! с1а!>1_л\_*_л jU ^AjjLLil] 
jjjL^l! (jaLill jjj ^ij .110 ^ 1 30 б210 c 350 Jlj]]! сз^ cs^ GPa o^.jj bjSL& 
j^Aj Aj! j-o ^c-jS! cs^ j (j^]l (jj\j^\l cJjl 3 j- 0 L^lLj !jj^-a LoiLii V \ 

Cljji-uj! jij .AjjjjilSY! Aj jg a\I dj\j\_ij (Jaj juj АлЭ\ j)-ia\I ju AjLixj A-ilc- (JYjl^Y! 

SWNTs S! J» ~4j Laa 4З TPa j 1 TPa jjj ^jljjj ^ji jc. j! jajjuLj L_jj\_aj]! oLa 

L-sa Aijjx-j! j! j-lS! jj£l jjj ju 

Plasticity iaiii 2 . 4. 3 6 

L_iij\jV! jL^-Y! j ja» 1 ^э (jflaj ^Haj-^au (Resilience) Ajjj-oS! jl 

<1! Jc. Л -ijjj^j Я)^! ulSLjA Ai^LjJLj .AjlijlVl! \g ©jLujVI jjc- A_ijj\j]| 

lIi!^! jj]l j kinks ajAjuj (Jj3j ^SjLa. $, \ w il Lljj ^JJ jiajxjj j! SWNTs 1 ] j^A 1 

L_iij\jVI Sjji l£u*-L9 • LoLqj (Reversible) ^Lujj^c. Uj!^! jjSV! j!j a jjc. 

\ g '\*Л ji a£Lqj-u SjLa. jJLxijl Uj! j\_g_aV (jajxliS! AiC. \ g K 11 S jLxiuj! ^lc. 4_ijj\j]! 

(Stress- jl^j^VI Uj! > jJ VL^ -л uSjii V ^jiS! 4<iila]! Я_ц\_а! ajjLS! 

Ljic. (Rehybridize) jj^JI sjIc) J spr aJjIs JIj tconcentrators) 

J jLo. A-ijjUil -_ujljVI - Ann^j&j A_LI_aji . JaJI Aj ^JJI Jl ^jjsa^yin 
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(Buckles) (Plastic drinking straw) Я^/и Ла!! j-a-UI Cj\J& 

4ja.ll j-o . I \g ‘lC. £-9 JJ La,llc. J-k-saV I \ g K x'I) Л J \ g tS\ j i jl^al Jjj\j CllJkJ 

. L_Sjx-a jjjjl SWNT II ^Ljaal ^aJJ La-IIc. \ \^\лл ^lxjll й jjujJ tillljA (JjjjI (jjal 

cUil£ (JjJjJ jLgual \,gj\c. jlli'n Lo^JC. (J jL ^^^lill j-sa-oll <joi3 L£ LqLqjj 

. (Plastic deformation) jUll ajjLjII aJI LjojI j jjLll c_j jjjbu 

jaa" (Jij ajLoc. I^j! SWNT II ajjoiLoiVI JLtijVI A_ilT (jbUaj <j! лд\» j 

Я^^р. 'л^ф Sic. l$J Jc. с \н ,.^ Sij .(Stone-Wales transformation)^ "jLj 

^ic. Jalq*\\l ^! jaI! _ji£- j)-Q ^Jj-aJ AjIIc. JLtJjV I Яз\Ла ^ u-o'i t jj jjl! j-o 4 \ \я a 

~ jjJj£ <iaj! j J^\) J^\ AiUa Я1\_а ^! JjVt\l (j! j c4j1La£ AjjujIAu A^Jaj 

Lg_j -0 J£ c ^iLjj c4_ia ji jJjiall L_jjjxl! (j-o jj jjl Jj ^Jj Jjjj Ll-q ‘90° 6^.1 J jjJJ^ 

jjiuaji-Q (j\jjxll jjfU 4 j! jjll (^J *1 ~ 5 *■ t UC. ^ajujJj ^cLjuj £-c 0 -oAj-o ^uui\_Aa (j-o 
^ic. (J jj>-aall j£-aj l*’ n-\ \ 4_Uajl х-о U-g-aJ CjVL^ -л j)£l (5 — '1 ~ 1 ~ 5 tj JJ (j!) 

(jjf^ jA La£ i<iajl jil JjbLxIa dj\j! jjJ jJC. Ц- 3 JJ*J1 Clllujj! lij ^LkjlojV! (j-Q -Ijj-o 

Ajalj (j-o \jj! j-q 1 ~ 5 L_JjJxJ! (Jj^jujj ^Jj-aJj Ua 1 6 • 1 0 • 6 JS jJI 

c(5,5) L_jjjj! J_luu1L) X 6-5 Ajllxijl ^ (Energetically favorable) 4iUal! 

jjfL j ji! AjaU (j-o (j^lj б( — 2 eV J! ja. / 0 J-JLxijl jjc. (Jj£jujj 1! AiUa (jj£j 
djLJLxij! (jiajj (j! (j^AJ i>" na j (1.Ла AjUaJ Jj£jjj 4j£ja £-о) ! ja. Lxijj -й jalaJ! JajLi'n 

<^jLil! J_JLtijVI <L_uaa. jj .(Ductility) JjjljjjV! j! 4 jI.iI 1I jiai сСз Jji jj£ 1 4ij-o 
L_la.jjJ tillil . (JLxijV! (Jax-q (_jJc. LLojc.! AlU! ^9 CIj! jjJix£ Jjtijj-o jj£j SWNT ^Uajui 
. jV! Ла, ^JJ lj9ji-o (JjjU IJ^j i (j£-uJ SWNT Jj j a\ J_ui!jj 

Aj^jUI! jjjjii! l-ujU! lj! jujua lJllu^ jj j l_uS jj 4.6 

Synthesis and characterization of carbon nanotubes 

(J£jjj l^j! j с!лс! j bUijjui-Q AjjjUl! jjjjil! L_iuljV jl (jjLuJl ^umill j^-L! jil 

Aijj-a (J-oLx-q ^JcJ SWNT 11 jl L_fl j JX -Л jA La£j .fijLUl o jLiA -й cj^al jal ojjai 

Cliijll jjiijjj t ajLuiLuil jj«jJ SjJJ^ A-uUajlj Ajjjjj ljI U_£aj (J-aauj jl j£-aJj t\_guuj\j9 


ujjj^ gH 90° jljj^ u° ojLf j 4 » (Stone-Wales transformation) " jLj J { ) 

.AJajl jll Jauijll AJakJl ^jl 4, lu llj 
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ji j-o . ^jjj^II л ^чУта л 1 ш ^ ш*п LjAj^. (jjjl! *- з j& 

jjl^JJ tiillj jAj <^ijj*_A SjLa (jl jA LS^ (_£ jl (ju^ojJ SWNT \ jjfL 

^! diVL^- 1 ] л_р 1 с. jjc. A_ijj jj^lj ialii£ jj SWNT 11 л ^чУтаИ ^IxjVI jj .(JjIaI! 

j jjjoi jj! jjI! ^ l^ja j^. cUjLoil jjLujV! jiji j! (Singnlarity) ajjjsjI! IaIj! ja! jIaj 

.jLL* 



jja-aI! (jjIa! X 10 JUlaj! cj^j SWNT (10,10) — \ 4j!aU <j-iajl! jjiajl! 10-6 Ji-u ui! 
£jj ^! ^ljL 5-7- 7-5 la^L .2.3 ns (^) j <1.6 ns (^) 1-5 ns (!) 

ji ^Ш! bjljl! (jljj-J (j! 7~5 ^Al ^jji! ^ ^jL j! (ji>u <(j) ^ 7- 5 

. (Aj^jjaV! 5-uLjjil! Л-лалЛ j-a (jiL 16 jaI! j-a) .5-8-5-7-5 l-ljLI Jjiuu ^J! 

(jjLLJ! J! (JjVUI л 'n"ij <Ll£lJI A_iijjj£iV! Sj^-^V! J-o < JUJ Ajt_niaJ 
JjIa (JijoUj .Ajjjj^. ciljLolli LjJ^. Ijjj IX Vn, SWNTS 1! (jl ^ij-ol! (j-Q <(_£ jjLl! 

(ji-aJ (J jjJaC- £(J j^. (Jllj <Jx-ai! dlj/L^JI o ЛД j-ajL-^al ^ajj <<jjiAjl] 

^jaVUI Jg.xjj (j! (ji-^j SWNT S! ^J! (Ligands) ^ ^ciil,vjnlll Jjx-ajj jl . л jL » jj 


j 

j 


! ojl HjjjVL aJ A_ijl..)>a.}^ ciiVL (3-«^-} ^ j j^. j! jjj! ji toji jc- SjLc. jA ligand ■УдрИ' I * 



.Jjiji]! dj\jjj!i£i) ja ji&l 
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iuLij 4 _а^_а] 1 (juajLuxiJl оЛД 4 l2]L £_a . IjqjJojj 1 . jqjM jj^l 4^jj ls^ 

l. l^ull (JjIS j (Jjlx. J^C- ^UaJ jA (J jjljJI L_JjjjVI jl :^Э j!Lo jA Ьъо JSI j t^uLJi 

c A^l jll Ля il Cljlj jAljIall Luilj.} ^Э jjJJjjauSlj (jjjJo jx>ll j)-o j£] (traCtable) 

.AJjujLujVI *L jjil! L__ljlja. (jiaXJj 


. ^^-<Лх]| L_jj\_^JI JU. jA l>J j j^j jjjj] 4 j>-oq\l ^guuj-ij^J! L_jj\_^J! jj 

.JajJjJa-G jaj ^ic 4jjj\j]| L-njUVI JuAl j! V j! l_J^J c4_LqI^]I La^j! jUj (jliaj j 


.Lgjjuil jj j Ajjjlj]! L_JJj\jV! jjJj^J LgJ^Lk j-o ^aJ ^jjll jjjJall L Wj^VUxi'u*) C au.uk]! !кд 

.<Jjj\j]! jjJjil! ^jlijj 4 Ji n J-ft]l Juuj JaLqII Ljb, W'jll j-Q JJJ^]I ^ujajJJ L_fljJUJ ttilljjj 


Synthesis and processing 


AaJUuj (uoSjJ 1.4.6 


^jjUII ujjUVI l_u£ JJ (j& jA j^-uJ! : jjjiall .1.1. 4. 6 

Methods: the black art is nanotube synthesis 

jl Ja j-Ul j cAjjjLj]! jjjj£il L_jjj\jl JuujIjj ^э ^I^jVI i j)A cj]\jA (j^ 

(Jjjlij (jjUl о'ла> a jl j .cijLjjj^J! окд ^Lij] ls^ UUj С1ш1 CjLuaj]! j-o .ii^x]! 
J£jjj]| ^^Э 4_^uJaj-a]lj AjjujLuj! l_jj]Luj1 4_xjj! j-Q .l^.lj l__j^JuujI jjj ( РвГГП U t3ti 0 П 

<(Laser ablation) jjj]]\j <jjaj]l (2) c^uujjkll ^jLj^]! ^-jjii]! (1) 'ls-^j 11*6 
o j^jVI l-juxjj jj j (4) jl 4 (Catalyzed decomposition) ji^-Ul JkjJ! (3) 

.AjjLiaAII 


.^uujjkl! ^-jjijll a_i1ac. 1 g'jvri jj-a ^^э Якллиа ]!_1 MWNTs \\ l-a\ L'j^l ^j лк] 

Clu^ljx]! j)A jjJjlklQ jjJjjjfU! jjj jaIjuia •> (jji jjjJaJ ^aJ iAjjjJall йЛД ^i 

mbar j)JJ ^jljJJ За» (." 1 Vj ^ЭЛа ^ajjL^ jlx jU j bjlc.) (J-oLk ja. jUaj 

^Lj^lll JjxJl jl-i^jl CliaJ Ajli^ll A-ii Laj jjj£ >\1 jji jl£ .(600 — 500 
lLjjuu Ua cjjjjLj^lll jj^jjj^lV! jjj jlxJI cjLjjjJ (Dielectric breakdown) 
3000 JJ & jl ja. Я^. j^ 'ijjk (ji ^Lj^l (juji J£jJi (~ 100 A) jLj (jijjj 

o j^y'iA jjjj^ Cliljj^ AjIaxSI оЛЛ> ^ L^jjjj jjjVl ULl g"ul ^jj ajlc.j . Ajjj-q Uj^ 

.4j^Jajui j)C. 
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АГ ( JJ*. SaJ ) 


Nd:YAG 


dual ja. i—SJA 


y) 

100A(dc) 

He 

diialjc. JjjI£ 


Jualjc ASjjuijjl 


Aj^*j o^La^ Jjj jSll 

P 

^ (j joJaxJl jq-\ л\\ 

L_k]LuJI 


<J^iu S^LaS jjjj£]| 


jj^ua 

(I) : AjjjUII l-ujUI lU jj Д^аЛУиааИ AjIjVI JjjVI Jjjla]] ^uuajj 11.6 JSajII 

l_lujj jSB (л) j t jia-All JjWHI (^) c^^joijiil ^bj^iil £jj£j]| (lj) jIijU]| jjj]]U jjvnll 

.Ajilj4j4ll djauVU 

jlj.l^,j ^Jjl£il ^gic. Ij-la. (j-A 6J2 u1ia]I CjIjLII L_LuJJjj L— fll Lia'I AjlgJ ^3j 
j c U jUj J j] ja J tAjjjaljc. ^JjjU CjUux^j t jj'yU jjc jjjj£ jlg >'l Sja_a. 

jj 3 Lo ljl SWNTS II l_jj£jj] ajjjjjail jjd^j jLojc-I j^ajj . d j3j (JsU MWNTs 

jl j^Jjj . 0 a'I ^л1ла]| jiaxjj c" nq| jxil j)A Laj\4l j-Uj ^jjYI jA^. (Cored) 
(Gd, Y) DjjUll AjjJajLH jj-aUxllj t(.jj.laJI cj£jj]l iLu]Uji]|) AJlijjYI jjjt-<2l 
.SWNT ju jjJ^jj ^ 1 g l" 1*ч ла л jjYI ^ Jj WU AjjJ JjjIa Ajjgijj Я£ jj-uia]| 
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:lJ J (Joumet and coworkers) ojbLojj Cljjijja. Ig-A-lS Л_1 а1с. <£jj iS^J 

1 ^Lij cJj-aal jq Vi Cljja. 4 Ni/Y J Co/Y J c Co/Ni JaJLk-o jlilkl ^aJ Uj! j-ii j-o3! 

<jjjljll L_iuljYl ^lnar^ c'\* x>i j A_ujI jJl й'л& . 4.2% Ni j 1 3t% Y ^_л SWNT 

"jjjJa" oLgjuiaII oLa ^aVj . J jjI£J 1 Jja. jjla]l AjJiii ojjxj-a 4 _Xujj-g ^Э 

X90— 70 <j-uu (j-ojjajjj ^ ja> a (j-o 20 wt% ^JIj^. (Collarette) 

ubi: Алк J^^JI |J ^ V SWANTs 0 ] ^luA^U jjU j> 11 . SWNTs 


. ^JLil! ^uiill ^э jjaauU J^jjLoII CuIjIY! j j^liiujj . jq^ а11 


^gij .SWNTs (jj j£jj ^jijjc. с__алд jjjuill (jja.1 ^iiuj j (jfc j ijj^L AjjVI! 
dul£ (Pulsed Laser Vaporization- PLV) ^ua jl l jj2]L j jvV l jl ^l jll 

jji j-Q A_iAiill jL^> jj£jj .S$.lifL SWNTs Sl a_iajj L^iLajujljj ^j ^jil! J jY! AjVii'l 

й j-iS (ji jj^j jj^ j' t> сЗ^ c^J 1200°C o jl ja. Да. j^ (^i ^hVi A ^jjil 


(<jiajj JS (^i ~ 500 mJ j t 30 Hz j 532 nm :iic. Ja*j Nd:YAG si^) ЯДс. 

jq^ AJ LUJjuIa]! dli^ljiJI (j-Q L_fl.lA AjjVj ij-lxj ^xij .^jjjY! jjU! (Ji-^l (^lj A>.J-<i 

L-Jx-a-Ul ^Э 1 g x a> ^aJJ SWNTS j£joiJj3 6 jjill (jVj ^Lijil 

cjj^j cjj^Jl j*^j ajj jj]3! Я -ajaJI (Raster) l ^уп j^jj 4 (Downstream) 

. (j^UajV! bil-Q (j-o fijlilujV! ^j3a«M ii]]Lj 


Jj> j£L 4 PLV ^ jJajj]l j jj]31_J jJ2xii3! L_Jjiujl ^а!л Wl 6 j-o J jY PJ La^JC. 

17 SWNTs Jl *ijjxjj-<i]l jjjj^3l Cjlji ^ja> (j-o X 15 jjjaj ^ic. ^ijUi o j^Lg jj 
.X Co/Pt ( 0 . 6 / 0. 2 at. %) J Co/Ni ( 0 . 6 / 0. 6 at.%) сЛ ji^-Ml ^I^L ciUij 
j-o ^ iilLia-uj j-LI jiaxj JjAxi jjc. ^>^11 ^Э %90 (_^lj 70 j-o ^ciL]! ILa jjjl j 3 j 

.CjaJ! jjji j-o jJJ^.1 g-L-oC.1 Jj3 


Lo^jJajujljJ (jU! (_JjY! (jjl jiall j)-o ^_ujj^]l £Jj£i3!j PLV II LiiiJjla Cjjl£ -ii3 

tUjijai-o]! ^ajujliil jl^j .^3ji*_A SjLL Ujli SWNTs j-o ^aljiJL jUL UjL-o^ ^Liij 

j-o L_jjiij jjJ Ja-ujjJ-oJ АлЭ^ Aijia jUa^l Cljli jc.lij UjlVii-o ^ic. (Jjj-aaJl jA 1 Ag, n t 

VjjjL ^cilji j-o 'ijJJ^ lIsLa^ jl UjJ c-Ijjuj ^ic. jjiaj jiail jj c lJluj^Uj .1.4 nm 


(3000- Д -Jlc- Sj! ja. l!jL>.jj ^j jl>lw j l_j jc. ja jjc. (Byproduct) 

i_>.jJ .lic. J^Ljj AjjjLl! l_jjjLY! jl LJc. c<jL-all jjjjiil j^Lua-o jjViil 4000 °C) 
UjjjL ^ij .(Growth chamber) Ajumll Vijo Ja.b jjj£j til3i j* jst sjja. 
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(Pyrolytic (_£jlja-]l (JW J! 4 j'iVi jjj-aa]l !Ja сз-^ flliilV! CjNjL^-a 
<£ jj]a]l олл ^э . jq^A'l j jjjj^ll jA j^] <jjlc. aJ j! ^Ija ^лУп*п ^jLI ^tGchnipuG) 
(OrganomGtallic ^ j.>«4 jAxJl (SublimatG) ^-aLuiI ^aJJ 4 ^Luinl! 

с ' п\а jj3 Vi^j (200-300°C) 0 jl j^ ciUji juc. prGcursors) 

4_lIaiA J! CjUjU! ji^J LoAic. .(JjaLV. (jjlo (JaL^. 4_lajuil Jj 1200 — 900°C ^^lc. 


J! N jVL 1_^_1 а (JjjJaxl! "^j^x-ol!" $. jaJl jjujjjoLkjj t (JWn 4 SjlaJI JcliJI 
l^-jja. j-Q Ajjjlll! L_jjjljV! j-^j jiai AjjiL CuLujuia. j! 4_iiAxA AjJjijc. CjIc. ja -чл 
Uaj 4(ji]l t^l£! Jj^j jj Я > )*1Л» л\1 С-Ааз^У! £_1a] jAaJl ^_kjj ^ i>jj ."(_£ j^» II" 

j ^ WJ j! jajjoiIj (ЗзлЪ (_^il! jj^.jV! JbL^l j£jjj ,fe)sWNT 1! JAJ ^AjuiJ 4 jjnxjll 


.w\! (JaLvJ! <_$ jlxll (JaUJ! Ja_A (jlxa j! jjlk! (J-olc.) jj^jjAi^Jlj c I j^JI j-o ^IJvJI 
^julj jJI jjJjil! jAx -ЛЛ 4j_ixj ^ajj (jl £jl_uJl (j-Qj .AjjAxuJ! Jj-aLixJ] .ijjull^l (jjj£j (j-Q 
(_$jl jaJl JlaaJ! cIiLAac. $.lj^l ^Udj ^xj лэ^ . (jx-oq'iA jLij j! ^jjj j^jjAiA jlxj 

aJxjujIjj MWNTs j SWNTs ^! jjjjj]!j 4 jAjj]!j t II j jL1ia]I j j )Lj njJJ 

^j .j-aLk (J^ij (Ғоггосопо) jiuj jjjil! j ^(MGtallocGnG) j^jlliiA cjljL^J! 


jj^Vll Fg(CO) 5 ^аЛУп J c( jjjj£]l Л|Н1<;1 (JjV (Jtc. JnxuJa) HiPCO L_Jjlullj ^-AjuJJ La 

■упЛ! ^LJ (Disproportionation) luauLjI! JjLJ aIxujI jj SWNTs JAjjj 

jjJa j-<Jl IaA J ja. A \*\aa ojjj£ <alli-A Jt^jujl cJLiAj . jjJj^]! 


jA Ja^-a]! J'Vi'! j (CVD) AjjIjajS'I ojjujV! l_iiuj jj jlVjjia jiJ (jjill jl 
Jj^.j j-Q (^C.j]l (^Jc- ^N-Jjj Laja! AVLujI ^Lui jj^Jajua-Jl jl j . jjj^ Ла. ^Jj Л 
jl SjjjjJa]lj ^ ixj V IaAj) 4^^-aJajui]! j-<u]l J-luiJ CVD j! A Ч Ajj-ajj-xk 

Li£ tiLujLxilA 40 jaa -л]! 0 jj£j]!j 4 j-cj]l A}! jIa j jjLJI L_JjjjV! (jfJ (Jj-ali]l ' j^jjj]! ^JajuJl" 

ljia -л CVD diljjjjjui ^aAVlujjj 1 ад .((Epitaxy) (<jjj]j]1 a jaVi'!) (Jjii]l Я]!_^. ^э 

ciLLiAj ,<j-o Lbj-uij ^^Э jl 4*ojj£j]l ^Lni л1л1а! (j-L. Ajjjlil! L_JjjljVl ja2 LaC- Лл 


L^Jajuijl l')a"n . jjl£ j]l (j-L. ojaa -л]! ClAjjjaJl jx-al] Д-лЛУпил oAiiC. CliLaujl JJjuj! 

(Si i> Aili j (^g-'c* jujj Fg(NO ^)3 (J-L (^Лха ^-LJ ^ualji 4 i!>L]a jLaxJjuil 

jjjjC. AijjJa ^аЛУ u.n 4 (ii]j j-o N Aj .(AuuLuj 4 _iL-^aN! SiO^ AAlla <i]jL La LJlc.) WafG^) 

^э jjauuij]!) (jjj]£jll (Jaxjj . KjLi'l jl LliA jJVI j-<a AjaLuia a£jjui ^э Д,)'|Л» a'! ^^LaVI 




j Sjl j^. CliL^jJ Aic. SWNT -]l J-°j jiau (j! 




ujI£VI j! jc. AujJ^. jjjIVj Л' i. w"n ^ 

Г]_3 £^.ja]I jJajl^ x3jJa jjc. (JS-.J J 
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(j'q Vnj . jpx-a]! ,\иЛ1 j-o Clalc. ja^ a ^Jj Д_13 Лд_а 11 ^-bL-aVI cJ jVj сг^ (^ 

(jj^jjAi^Jl (jijj ^ (Jc.liL! (j>3 Aijjjla (jl C(J\V\1 (JLaxIujIj (JaLj (ja.V LJ3 j j-oi]! 
Aj.w\\ _jjujIaa]! jjViill АлЛхЭ 1 j>>ij 1 Cliijj ^3j ,A_ij jjj£jj.lig_l! 4jLxi]| j jq*4A\l J 1 jlkV 
^gic. (Jja^i^W (jLaj Lq 4 ^-aLuia]I (jjliLJI ^lc (Shadow mask) cJL ^-LiB j^L^. (j-o 

.MWNTs _11 LLua J-Oj 


Growth models 


jjull ^jLaj 2 . 1 . 4. 6 


<ijj£j (j^AJ (jjJa]l оЛА j)A U1 (jlj .AjjjU]! L_iijljVI Лс -Ljj-a] аЛзЛс (jjL ci]\_jA 

Д-а 1д A Lq'i ЛЛх-а\1 1лА ^Э ojbLojj Llnijj^. ^ jla Ja]j . ( 3 jla]l 4j'q f\ 1 g ttiV) SjLa]I ^Liij/ 
ЛЛУп V jaj]! (j) ^qlj^A l1j\ jVin ojjJajuAll Ajjjlill L-JjjliVI LuLjjc <jLaj jl ^Д j 


(j-o AViLjll AjjI jail 4 jVaIjjLI L_fl jjiallj oJ.laJ ji3 AjJJjVjll L_fljjii]! Jjj-aLljj 
c iij jia (JL] A j у*Па\1 (Jjj-alij]l (j-o jjj^\l 4 _>о1э1_1а (jC ^ \Vij c_i jjuj c L_lJjui]| 1 ^ ^ . 4j jaj]| 

.D.lia. Ajjjlj L_jjjlj! ^LjjV 4 \aW а\ 1 Lll\VjjV^! ^ic tilli (jA V^J Jj£jj]l J 


0 j 1 a]Ijj c&jIj^JI La.jijj c jq^ а \1 ) <L-a С 1 з!л (jj ^.1 А_а 1 с luIjjja tii]LjA 

ji jj (1 — 5 nm jL^) Ajjjli]! dj\ а)хи-ч\ 1 ^jjjUll l-jjjIjV! JAJ ^^Э IjLa. 4 Ag A jAjj <JOlij 

jj£I l!j\ aJiii^ jia -л ij^.jJ MWNTS * : jjj jja. ^Э cSWNT \1 jaI] IjjjjjJa 

\l (jjj^j ^Э \j\jii-iqj Aj]U]| SjljaJl LuLa.jJ (Jaxjj .LaLaI а \1 l_j\jc ^Э jl t\j-\^ 

Sjlj^J! La.ji Ajc <jl ^Jj ti]]j ^Э L-JJjoJ! Jjxj Lajj .MWNTs 11 j a j/^J SWNTs 

\j]\c JaJj-aj]! (jj jiLI 1лД lL' 0 -} jAj cujii\|l j-ai] ^J^Li! JajLiJj]l j^.La. (jjSLj i4 k^-xk\ за\1 


^j]! t uj\jj jj] ji]| jjLujj] \jj\La jq^ а\ 1 j j£j V ^ (jbl t I J\-<2) . jq^ а\ 1 Л ja. jJ ^jla. 1 1л. 

(J jjj]l AjjlLxij (jl ^Jj Л jxj l*]]J ^Э L_JJjai]l (J*ij ? J» x-al (jkijil jia3 L L-a'l c^Wj^j 

j^]j c ji^_A ^Jj ^Liaj j/ cijLjjjj] jill j SWNTs (j-o Ь\£ j! (jj^- c(Nucleation) 

l^lijllj ^Э ljLu jj] jill (j-o jjVl (J*Jj .AiUa]l 4_i^.\_i (j-o \jj!ja (jjLj V ^LVujaW j-u]! 

4j]\x]! SjIj^JI La.jJ ^ 3Ujjj i(jj^\*_A (J£joJj .((jl jVI (Jj 3 ciiiixil SWNTs 

il ^-Liij (Quenching) ajLjj j! .^Vi ^j l>«qj jia-UI lj\ ^ и^У! axjjjoi]! Vjij-sWj 

:^_uiii SWNT ]! l_u£jjj 4 \i-o LgJ Ajjjc Aijli-o олд j . ljIajij,! VI jaL иль SWNT 

?Aju!)\a]! (Jclijl! ojlj^. 4ja.jj Aic jq-\ a\\ l_Jjj\1a ic JalLaJI \ T^aj l \ f\ jJj 


257 



e ji ja. JjL. SWNTS AjajoI opli^ ji£! ja^ a ^Lajj lUj jLli. ciUliA 

jjfL \_AJjj) ^^jlj]! jlj^'l .(j£-aj 1-Л J» k-ol <jjtJ*s\\ 4лэ1л]| Ojill (jj£j c." П*Ч A k^kWA 

.аЛл!\ SjljaJI lIsUjJ lic j) JliVJI jA 1_a,W"u*ia\I lIi! jlia-1! £_1а jA (<jjxjua j!i£l 

\! 4 <.A\x\ jjjoJI jjl^j ^э jq^k^ll (Infusing) (jujc Ajj (j)a \л\\ jA llAj 

j! jLi^.j I ji^-o j i\L»"n V SWNTs u^i\ Aijjla ^L^jI ja clJIj jLik 4 _a 1 j .CVD 
jj^j SWNTs jj\ 4 ‘i jli ^pu.! ciAjijjal ija_A IJa jjfL V iij .(Extrinsic) Ljajlc. 
J_AjV ciilljAj .Ij^ja ji^i ii (SiC) jjlAxJ .iijj£i (001) aa. jll ji^-e 
j-a ^iiij cSWNTs И a v\ ix> L_fljjia (Jia ^э Ai! I ^LojAjli й jjL-q (СогоНэгу) 

ЯзЛс. ^j^j (_gij jjjaj li&j »a Liaxi jLa L_iijlj! jLla^! ^lc! bjlj^. CjUji ^э jc-lii]! 

<*_Lali]l AjjLo]! <]jV! L-jLiC. (jA ^aCj]! <j gic. cSWNT S! jla3j jq^k a\I jjj 4 _i^,ja 

.ciUi Jc. 


jll^VI j-Q iic. ci]LiA ? jAjll 4 _Uja jbLa. <1л\_*Л Ajji]! djUVI Lo (j ji 

(J jij <*jl_uj AjjJa j3 4 _*j j . jLftjJaUI 1 ^Э jjlAbtJ! jjUlj]! LLC jc (Jij V tUi (JLi^. 

^um's ^-Uuj ^lc "Root growth" jiU! j-oj <j]1 a L» * j! jj j^L'n AjjjLj]! L_jjjLiV! j] 
tAjjj^ l Sjxjjla] (Nucleation) jjii ^ij-a Д -iLIaj LiA jq^ a\I (Jaxjj . jq^k a\I 
^iLjaj . (Spontaneous closure) ^Ш! jplcjfl <ц >. jj Sj? 0 ju»i\i\l J*jJ j 

^-^.jUI jjc j-o 4 ij) ^ njl ^LlU! Aic jjoLia]! jl jiAVI jjjia jc IjIxj jjJj£J! l!j! ji 
(jl t jLkjll L_lluJ JJJ jjJj^]! L_ fll_l]| J-U Aj.j'i‘i\l Aijjiallj L-Jjjj^l l_jj£jj l"i,Wj jl 
jLiUVIj . (o ja^ a\I CjjLuj-LaJ! A iiuil jJ A Uui ji Sllcl J jjjj^il JajiUI ^jjjoli]! LijjIaJ 

^lc jq^kA'l J-axJj cl^_i3jia jA j-UI ^Lj! Ljjjlj]! ljjjLVI ji>lc.! ^aJJ jl jA (JjU! 
^э A-u-uLa^. Aj]\_*ijl ^xi! ja ^э (C 3 j C^ j Cj ^э) jji]l jjjjill ^Loij jj^_uij 
jj (Jjjj а!Ш AjjJaji]lj .^jJalj jJC ja^k a\\ ^jV! Jjj]' jj^J tAJLUI сЛА ^^Э .р juiiU'l 

Jajljjl] JjJLa]! jjjj^]! jl jjAl jjjia jC <UjiiA]l L_fll jiaVI j-a j-ail 4jjiL]| L_11 jLV! 

"jjjSU" AjJ! ^L lJjjxj aJV! oIa c 4 i J U .(Dangling bonds) ajIljaII 
j! jioVI <iaxjl jj U jiiA c_j jjiVl 4U ^ijj jl jjajjij ij (Scooter mechanism) 
L_Jjjjj I , J» aj 4 jiaj^k a AiU (Jja. LLl*j (Scoots) (jliajj ji]\ jl*-a oji] ^jLaj^'I 

, A AilVlA LjLluj! Auj ^ 4,^U*i\l LJ jJC J C." IuaiIa's'I 
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,и! /'■C.I I aJjIaII AJajl Jl А_^ийй]| A^ajl Jl 



^kuJ! , ji злЛ! uj^j . jJaJ! ja ! (!) .^Ал, jjUI ^jjJ! jaISI CjUII ^uJajj 12-6 JiuJ! 
yi| sjjjLaj AiUia! (uj) .sJjxjII Ajjlgj J Jil« ujjjjV! Jjjj t jia » jjjU i_j jjjV ^yjjjl! 
AjjT JitU. jj> AajjLUI Д_)Ц_И! jju (^) Д-цЦ jjUj jjjil! ((jjuLaU) Ajnilajl jal^UI 
jia «j| j ^лЦ_Л jj*jii! fsjJ jl) ^jj .i^j tAjjjlU! Jajljjj! Jl jjjjijl AjUja! jjj . ( jjjUj) 

(jjl! AiU-AiU UbUtlijjj (^js-Uajj juuj (j) . Jliiljl Jliavi ^Iaj )sjj j!) LuUajS jlujlj 
.AjjjlU! jaj| jjj| jjjjSj! AiUia! . jjjj) JbU (JiLfrV! JUa ! jiluu MWNT j! Jxaj 

Uia t jjLall CllUl^jll J1 jjjjill “iiUjaj jJjJa jc. MWNTS A \л'\\ j jjb! 

jil ■ u jl Juu. U' jjj .(Epitaxial) ч J jU Aijjlaj a_i^jLuS! ^iljil! ^Nucleate) ^jjjj 

Ai UifUil . a! jjUI jaja. ^ jjj "AiU AiU" UjULc 'L iljl J L...1 4 ^ jjLJI UjUU_ijl UUjUjl oA^j 

jiauUI J! Яа.ил «.lijjl l-jj ui juiij J jll t (Exposed circumferential edges) 
Jj^xjl ullUAj |j* .12.6 JUUJ! J lWLU^I siA cK ^jU .MWNT _J ^LiY 

. aj! jc. jj£! jj^j J (jjU-V! UjUjuajijl jj> 


CUuijj Ц_ 1 ! j tdjlxS jj (jjaa-s Ujl j j jjjJ si& jl l_iA sj! j£i Л jj 

Jl 

„i^jj ^L^jjLq A_i]| AjV jj jl! • j^V! t\! 1 g а>»ж j .iajxj j! 

c c > 

Jajjjjj (j! LiA 4 _ 1 ал! jii^V! AJakil! Laj! .a-«ic.!j aJ^! l^_i! ^lc. ciijjoia ajjjj^j djLiLij 
!jAj-a-aj ! jq^ja jl /Л! £-o j-aLk ^JJj^j _i!.lC.j A^iii l^JLjJaj /i Ajj! j^J! I^UjJ! 

oAxUX-a]! CuIjJxIIa]! (^JaajoJj .^cjIa]! <*_nla L-flUax>\l AjI^j ^^3 6 jjJj^l] 

ju*io j! jI^jJ! (jjU! ja gjiJ jl£ ! jj U ЯКи^Ч jjc. (Dependent variables) 
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(jl Ja . jj V t jjJaLaJl CllS jll .^jLjll j t^Jjll L j jiafill ^jjJj t jljiaJI 

j-d bJa j j j»JJ jl£ I jl 1л U. Jjia jl jjaJI ^g&nj .SWNT 11 (JLia. t - 3j£jjl ttJjjl ^ 

4 \ i SWNTs II л. ljijjj 4 U . jj tfijjj£ SWNTs j4 jIjcI jji Jajljjji jaj 

. jjjjVI jjl jJjJjOLA ^LaJJ jl t JAj]l JXJ jija. 

Jclijll ^jU 4 j 1 jjj jj jSj 3 - 1 . 4.6 
Composition and purification of the reaction product 



(Transmission electron jjjjiW! JLaUI » jjna 13.6 JiUJI 

^Lj^l jjjiUI 4 kuil jj Яла 1 « j»U, AjjjU jI ja! ( 1 . 2 . 4. 6 j»jjill jiUI) micrograph) 
( 3 ) tSWNT JUa, ( 2 ) t 4 ijjxA SWNTs ( 1 ) Sjjxja uUj£a JfrlaUI ^UU JaUu .j^Ajjill 

aJJxjA Ajjjjljfr jj| j5 (5) J tS jiaA AjIjja Ul jj» да (4) t jia л jjfr jl jjLja jjC jjjjS 

.(53 jajaII j->) .AjjLxJI UiUKH 


JJC- Sjjjjai AjjlU l_jjjUV jjJjill (JjjaJ jl 4 jU jjl UlALaj Jal 

(Synthesizing t-uSji _pu ^JLuj .IaIaj (Inefficient process) SJUi 

jjiall j» iax ^ j^lj >4j jIjaJjojL/I jA jj V Ija! ^^jjj (JjiU C-JjJjL/ ЭПЭ|уОСЭ||у) 
c. ja. Uq»j tt-jixja jjj£ jAxjA jA 4j j£a j»Lk (Jclij 0 jljj ^Jiu UlLa. 4 ^ ^JjaaII 
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j-o 4 j'g {‘i a II jljAll (j-o t alljj ^ AnUI .\u/ij]l j . Ajjjlj с_ш1_3! ja (jj£jj 1 g \a jj jud 

jaj t( Jx>! <jjaj j£ja]! оЛУча Ajjj^IjO ^з! jkj Ijxa 1 g i) o jw aII CIjLaJjol^JI 

. jjIjja jjo jjjj£ (j-°J i(J>! Ajjj^IjO jljA cdjljjjj] j3 

UJjAj^U ^gjjjJ^jyi Jg *ча]| ojjj-a Я^ -Calj jjJJ jj-aLlxJ! fijA j-o JJJ^II jl 

aS^ J,w" I jjja lc. jjJa ja aII Aja£ jjjjLj ^^^Ajjj .13.6 J^jjJI > ^Lkll <jjj\j]| 

^lc. l_jj!jjoi]! ja Ajjjjj^l! ^JjjLj]] LJJjljV! jJJ jJJajIJ <1^jjj o jjojLja <Ljia j>jj V 

jw aII j}A »1! £ j>J! jj j jb Ia\c. c (Macroscopic scale) (Jjj£La (JuLiLq 
(E norgy й jjlLo]! 4,\ juull ЯхиЗД! AjUa c." n"s j*n (jjjla jc. Uj^-uiJ 4 _ujIj3 j£aj 

(Atomic (jjjll jU ^aVI AjibLiA 3JaJ jj J dispersive x-ray fluorescence) 
(jj J jJjuiaj Jx-aUJ! л+л±> UU .Absorption Spectroscopy) 

.й^ихлИ (jjjLiill iijjjal taaj , j K , : ”,ll 

aJIc. j tajjSj tAjjjAjA sjLtS Ia^e-jj &а ■ „ Ajjjljll jjjjSll t-JJjLil Cjjl£ Ijl 

(_Г^ J* (J/lSVl L_fljjul ^j]l >\jj! (jjla (jjjul^j 4 _i]L1a]I A_l^.Lj]| (jA УЧ jJJ tiill 

(jA ^ 'tA (J£_u j SWNTs j^UlLuL (jjx'lj JUJI ^xi! j]l (j£l j . 4 j4 Vill ^Jj J_>LaJI 

jjjj^l! uiijLj! jx -аз > JJajj tillj > cj\j,w'l'l ^д! jjJ (jjj .AjjjLil! L^il vVia 
ojA <jLi£ 4 la^l J .JJjIaa]! AjjIja^II j«ajl х_-аЧ11 Cj| j 4_ijjjj^]l l_jj! jLJ! (j-Q Ajjjlj]] 

(Electrophoresis) >Ь^>! cP^ j Ь Ъ лШ \ Jx-aAl! cjLijAj сшЛ! tjjkxJ 

(jl j^Aj ! Ja (jl (jA ^c-j]! (jJ^* tcJL-obL] c._ пЧ a (J^jujj UL*j jjc. L$iL LiAljc jjLajj^IIj 
L_ iijLj! j a *fi jAjjula cjLalxA ^Lljj j! Ajjjljl! L-njljVI Aj! JV *Aj^ (jjla ^ j j-Aj 

! (jjnfcrtnj (jjajjia (j jj ^xjjj AjVnll (^i Lq! j^jjui! jj^VI LjljVql'l j! j cUjjxa Ajjjlj 

.(Size - exclusion) ^.а>^' 1 Лх/иУ! j Sjju^Vl 

ijj> j-UI (jjjjil! cj! jj j] 4 AjA^ ja LgjjiLAij! i jjui^V! cjl LLl/i jAiuj 

j)! j -SWNTs I! ojj> ja]| tii]i (j-o 4_iIaLiuj jj^I jj^j La LULc. L-jljxjj]] 

iaj]La-Aj a j£ja]I jjal_A^.VLj I g ju _oA> (Jguj jjIjja]] JJC- jjJj^llj ojjxu -л]] LjLjjjUjA]] 

.(KMn0 4 cH 2 0 2 ) (j>V! ajjU! Ljlj^^llj (H 2 S0 4 4 HN0 3 ) 

> (<Ajj£j ajlcjj ujjJ ja_ii ^Ljj! )а'ч11) (Refluxing) £>! j]l l Vl^'lll ^ciij 
(Functional Л -lAjiaj Ljlc. ja>a AiluJaj ja (70-120°C) Ujjx-o ojlja. jjUjj 
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(J-alc. £_a 4_ljlL]! L_JJjL^U -Im. -labLlkl (jLiu3a]j .l_dIjjoi]| (jljjb A-All^ (J^iVl cQTOUpS^ 
Ajjjj^all (jj3 l!iU.ja]L lIjjjjoliII A^jjla (jnia'n LLm.1 Cliljia^-]! аЛД (jL*j 4 .lui£ ja 
4_ijik Я_а.3с1э (Jj]L^a ^Э jj£UI L-ilajaillj tillL Лд _1 (JlVill Clil Упа (Jj-saSj .^^jLq ^La^ 
lIiUjIa]! (j-o jjj^ Ailjl ^Jj (J^jj 1 _ал c NsOH ^ jJ^jj-^ail .Klli^jjAjA j-o 4 _jj£a 

ojjajjil (jJaLiA Л1с aIcLiIa £^1ja LiJajl SWNTS И t(jl ^JLL]! s-jjuj (j-Q j .AjjjLi]! 

jjc AjjjUl! L_iijljV! ^^iii j ILk .<1л_а-й L-jaj! Ig x j ^ j L_iijljVI j! lT&L iJLtijV! lIIj! j-unlsj 

(Steric constraints) CjI jill l_jjjjj ijji LLp.1 jjj£ Jl (jLjill aLL 

jjju jl j^Aj ^gjl j-ftj^ll (Jji*j]l ILa j! lIib j]I (j_id ^^э (j]LLI j^]j cdiLLjaa]! 
tiijjj tLdLoj L_JJjLV! (jjj^j ^Э SjAii A_i]Lla]| 'iAjul^V! LllJ^ial Aiij .L_11 jLV! (Juajl 

(jjjj АаЛдИ oLa (ji-Q (jl ^_^.j^]l (j-oj .COOH ciilc ja^aj ^iVi Д_^. jji-LI L^jLL^j 

• A_uiij jj^l j^Jl ЛаС ^Э (JliJ! £Э1 j-o (j-o £^J-Q (_^1 (_^-Э L_ljij]l (J jjj ^j 

(Jj-la. til]J lIijjI -Jjj . s-lj^JI ^Э (jj^Jl jA 4_ilaj]| J_Ll_iAj£jl qAj_u£L/1 (JjAj (jj 

(j^]j .<jJai^_iA ojlj^. CllUjJ ^^Э jj^V! (jljJ^-V jj1i1a]I jJC (jjJJ^il ^JI jj ^Э 
(jljl^.1 Sjl J^. <U.jJ (j A L_ljjij 4_тэ! J*JI L_1j1 JjuJ! (j-Q AjA*J 1 (jl jL^.1 ftjl J^. CliL^ji 

. Ia^. alh^i s-lj^Jl ^Э oAui^Vl J_JLt3 ^Ju-aj Ia^Jj .SWNTS II l_jjjL 1 jiaxj 

^-ч^кИ iLtjlujL AjjjLll jjjjLVI 4_iijj (_g-3 UIaj jj£V! Lijjiall (J*J j 

(jiLi-<J! Д_к^^ 1 о l_jjjL1 SWNTs u_jjjL 1 jj .(Size-exclusion) 

олс jjl v'n V l^-Ul jij ^Ja» a LiiLuiLii (jl jj^. (^-Э 4 . 1^.1 j a*j (^.э (Mesoscopic) 

Lamellar ^^jL-oll (jiij]L Laj t^Liujjj]! ^Kun La LJlc j .l1iIj1aj 3L]! (j-o LjiljLc 


<jL jll ajjLajII! *ji^V! £-* tilljiLVL 4 (Tangential flow) ^UaJI Jajoll J flow 

VLl 3 ^mjjJL ^ jn-Ul (jjLtlll jl (jLjill jjfL V j .SlijJI AjjjLll l-jjjL 4 ^! j-^^l Уиру 

(^Э (J j^,i]l (jA V 1 1 LL/ 1 (Jj (jL-ajibLJ (Дьо! L_u! jjuJI jV 4 4_ijjuLA cAjui^I jjJ (j-Q 

(j^AJ lUjLulIa £.LulC (JUlj ^uujJa]! £.luulC ^Jc SWNTS L_JJjL 1 L_LuJ jjjj . (JjU а11 

<jj*_A (j^all t/il AuuiljU J^jJjula (j^Llajl 4_LaAl ojJjuiUI Axlj « L^jl ojJjuiaj 

.1д Jju-jrm Д -Ljia J mjjL^U 

(*_1а 1 uU! 4 (^1лл_а] 1 jq^ а 11 dil aju.i- 4 Д_]| jV 4_iijj]L (j]»*n (j j^.1 ^JLula <а1 j 
(j^Aj 4 ijAjuJ! jj4 Lj.nl! L^il j ^SWNTs ojjL (^э ajILUI Sjlj^Jl <U.jj jA 0 jiunVl 
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jjLx-oil i jli ь «(pyrolyZG) Ljlj^. ^\<\ \ g *xiq ‘i L_ujljVI (Ji^i jl 

j* ^ill 4 (Unpaired nuclear spins) jjj* jjc. ajjjj ( Jjj^) cjU jj ь ji^UI 
Nuclear Magnetic 13 C) 13 C ^oLUiJl ^ J CiUjj <J*a. -dj 

Electron Spin Resonance ) Jjjj£ 1VI jjjjilj (Resonance -NMR 
cibJaj* j I il JiVI ,4 A_Lj^. 3JI j) jj'q Vi j^-<jj .AjIxII 4 1* Ks-i Ajjjlill L_jjj\j^lJ ((ESR) 

Д} j Л x x>\! CjLgjjoi^JI L_jjjj c^iil 4 jjjKjjAi^I jja-a^ A-^LlaJI *(4) С1з1 ja^Ul 

j! ja £a _la j^k \a Jljjj jc-lijj V 4_j£lj ДД!-Ь ДДЛх_л CjljjjjK 4) l^ijJiJj S jl^Ul 
I*’ \<Лс- 1 j| j .^JjoijjI! jjjia jc. 4 _aJU! L_JJjljVI jljjluj! liljj jxJ j^-GJj . jjJj^J! 
jj^jjui 4 o jj_u£ V I <iajuj!jJ \ g УзЭ j^AJ V 4.** n*4i jLa! jxi! jj-ajil fijC-Labai! (JJ jxJI 
t\iaj IjAj . 1 \*\aa jjfL j3 ^ kjjiiljxjail J^l! jilj 4j4V! (_£.wMI IjA AjVnJI 

. jjjl V‘ix) JJC- (j-Ualii-o (JiL^. I jJ^. Дс. j ja Aj jj\j L-lijlj'J jljjjV I jJ^. \ ч\» a \ qia jj 

cjj (J£joi ,4 ^ kjjialjxjftil jU-di! a jSLaUll A-ixUaljx-ail Cll\ ^и^~ч\1 jaujWi c_fljjoi LiA j 

4juniVixM jL ajLo (j jjoi CiJ ,43!) SWNTs L_jjj\j) jaj jj^. ^4 4 ч vbil l_s j^j 

c." ijq Ij ^LaLaj 4 ^>\j Ajtjjiajx^il LiljC. jjLijj£ 1! j£i ^i 4 L . JLUI jjC- (<3_ixjJa 

.Aj^jjj 4 K/jx> Jj-oj ja^UI <i!j! £$■ li£ 

L-JJjljVI 4^ (3 '\UxjJ (J£jqj \ g q 1 liaj Uj^MI 4, J<jjj\l С1з! jLa*s\ j^AJ 

LjLa 4 ® jLU! 4j qjh ji! dilc. jA^ollj c_jj3ji! cjijiia 4a jLja jj£i jl Ajjjlli! 

ajjjL fijlc. 4_iiaji\ о jjui£L/l j-ojjj . jjslj^J! L_jjj\j! jljj^. ,4^ (Chemisorbed) 
.(ji^JI с!з! j^-3 ,4 jIxa^. cjUj jjk. (aL^! 4 . i u*i i Lajj 4^j^JI (Crystallinity) 

^4 (Annealing) jjjL 4jL» i jL^VI jiaxj (4 ‘S^! ^fjj ^l-jIjujV! aj$J 
'j jlxj<J! lIjLc. ja^-xJ! jiaxj AJIjV (11 00 1200 C) ДМи Sjlj^. Jj^,jj jjc. ^! jii! 

jjlujj . 4L_)U1 j! jljVL xU jll L_sjj£ji! 4 ~>jTi ^jqyLll Я1^_1 аЗ! ciiUjj-UI j 

4 Ajjjlii! L_jjj\jV! jljj^. ,4 l_j jjxi! LjAlia ^ ~ч j jpi! 6 jjL (Annealing) jjjiii! 

.<xijjA oj! j^. i_^.jjj 4и4\-*-лЗ! jjc. , 4 ^ Я1л1£-о jjc. 4_4L-a 31 jl L"iij| 4ji\ j 
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AjjJUI! (jjjjSJI t_ujUi J c aix- AajI з al\ jjl jjuJl i_Ludjj cjLuij 2.6 JjiaJ! 


^ll J-q]I 

1 g Vc- (Jjj_-aaJl fijlc ^aJJ ^! CjLqj]xa]1 


[19] 

4jjj ja- JjBj Ujj]l 4jjj]| 

(TEM) VjlliiiV! ^jjj^iV! Vjj^-a-oll 

[12] 

(j-ax J w“u>n t4jjj£Lai! A jjj]1 CjLqjIx-q 
A jjjjil Cjljliia.! (jLa.VI 

(SEM) ^LJ (jjjiiiV! Lj^i-e 

[10,11] 

4jjj ja. (_3 j 2 -A_iij]| 

(XRD)a jjjjgJI V_xLVL jjjaJI 

[20] 


(RS) jLclj 4jal Ja-Q 

[21] 

DOS cLj jjjfiij 

(FS) Ajjjlill ^JUkJI 

[22] 

Ajjjjjiivi <jiiii 

VJLaJ] ^ wnLl \* Л jjj j]| 
(NMR)4 jLJ! 

[23] 

(jjja-a t A-aaJLai! SWNTS 11 А_ш 

jq^ J 

(jjjjiiMJ (jjj jll JjbI ila-Q 

(EPR) ^nb-^ljLil 

[24] 

^-| jjV! CjLj£-qj c jlcLoi! tJajljjil ЯэУа 
IjjL jj3 6 jj-Q-Q]l j LjL-qj£ o jj-o-oil 

^C-QJJ-q] 1 jl jj-QVl 6jl ja. 'LkjJ 

VJj£il AjaUaUI 2-Q (TPD) 

[25] 

cSWNTS 11 (jljja.1 Sjlja. CjL^jJ 

jaa-oil (jjja^a 

4_з^)1^)Л LijjLJ! JjlaL 

(Thermogravimetric analysis- 
TGA) 

[26] 

DOS jjijs 

(INS) jjUI jjc. ^jj jjjjjil jjxjjil 

[27,28] 

dos tiiii jjj^ii tAjjiii 4 jjj]i 

(STM) ^SiiS! ^Ш! 

[29] 

jjoiL-q] 1 ^JaLxj]! lAjjj ja. (jjS 4_ш]| 

(AFM) 4 im \ L>Lx-q]I ajVll Ajj^a-Q 

[30-32] 

ojjj]| 4(jjl jaJlj ^jjjliV! (Jjj-ajli! 
AjjI jaJl 

(TM) JlijiVl djLoiLa 


Characterization cj| J jjuJ! t au-ojj .2.4.6 

^jjVi jl IjJVil С1з1 jj-o-o]| (-_3Jj-ajJ С1з1 jVVi ojlc. Jj-q]! s-Lalc. (jjajxJ 

Д-аЛ VuxijqII ^jjJall Ajo^LLq (Jj3 SWNTS CjI_3j^ 3 <jai3li-Q ^^Э vwll jjJjaii ЛЗ j .Aijjx-Q 

(_£ jjUJI L-JjjjVI j-ajL-aVj A-ilj] <3 j-uia]I 4_3jx-q]I jli J jVl 4 _i^.L j-Q ^Э 

^aJJ Ajjjlil! L_JJjljVl (jl j LqJjoiV . L__Lu-a jjI! CjljLlJ jJjaiSJj ^_Э ^ ljj!i£ CC-LoiJ 

2 • 6 (J j.laJl CllLljii]! o Л& (j-Q jji^ll j-aJaJj ^aJ CV] j . CljljVVJI j-Q jJl£ «ilC. ^Jajail jJ 

(j! £-aj .vLqLoi C’ u ajl 4 _ajU]I aCA j! j-o ^C.j]l ^ jV 1 (J^i Aj^LLq ^x.^.! j-qj 4-ajli £-q 
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(jVuVi (JIjjV l^i! Vj 4j>lil! A_ujljjl AJjoiLujI dlLuij ftijl> CjljVqjll (JS-»X ) 

.SWNTS II ^Ic. LiJj^jj (jj^Un C(Jj-aall IjA jiC. liil LaIc. .A_uo3L1a]I j)A Icjja 

Diffraction n .1.2. 4. 6 


Transmission Electron ) JUii'V' 

(Powder X-Ray aaIlJI SjLiVb jjj^JI ^ <(Microscopy TEM 

(Elastic Neutron Scattering) JjjjjUI jjJI гйЛМ! j t Diffraction XRD) 

sjA j . ' ^AjjiUI Ajj jjj£]I i—UjljVI Ajjj J (jjjjkjl] lc-jjjj jiiSjM jjUll J^, 4j jjj 
CjUjJSSWI (jl Clii^. j)A L> j^. li!)Likl c. <a'j4j '\\\ t^jljA^j CliLilij j tjj^U! 

Clilij_jifJJ £_a A-iiijuill <*uuiVI (jl (jj^. is^ cAjjiV! (Jc-liiii dili jji Jiill j 

jjVU t ) CliLijjjjiill ijj^j <Liijjj£lVI Ljj^_^_a1I ja il^ jla tdilil .Jajljjll 

. Д -ii j jj^lV I Ailiiill XRD c. Wi^vuj LaIij iA ‘na ll 


<iLi£ (jV LjjjiJI dll_A jlx-oll (jmAi Ajl^ill > (J=> ,)a*j оЛА dll_li£ill jjli i^jiallj 

jlj .(Specimen potential) <ii*ll jja£ JbU > Ucjjwj ^jj dilijjiilVI 

c," n d j JaIc. (jjij^ll jjl jA Jjj^JI ^Jajuil jj Я _1 jiLill jjjjj^ll L_jjjli! JjlVi > dlb,wjll 

c." \j \ xjj JaIc. ^>jjj . >aii_iAl! ^jil! слс. UiLi ljj*u-a (Scattering factor) 

!л^. jj*u-£ 3 ^ dili 4_iic. l^uujLi J)£aj oliui ^ Laj Ij 4J^ dilijjj£jV! 

(_> 10 4 AjLuall LjtJuiV! c" Ги"п (j]j !U .(L£UJ! cii!.w.j >а diljjuic. Lajj) 

^aj^jaJ! ja Jaia AjIc. (Jjj-£*aJ! j^AJ oAjuJ! (ЦиА_13 jl ^ j» j Laa cdlLijjj£JV! ajC3 
JaIc. I^jJ ^il! cdllijjJ Jjil! Л ^Jjuiilb J_iijU Jj£! >1л. A_i*uJajllj . ^Ajj j£Ia 1! 
• ( Lg_l Aj^uui ^ ) Ь AlUuftll 1 ^ ' ‘>*n. 1 *и l \ j i\ \ Л \ \ \ ni \ l 4,, ^ i , : ‘i jl, \ 1 ^ Vi /ii t (_JaVc (j-® j* i t. * м 1 *и ' 

(Jjx^i"\W ^,w"u j Ьл1с. TEM 1! jli cAjjilil! jjijil! ujiili! J! ^jjmilli La! 

jg a £a a i^aa 0.1 nm j a AjLiliuj!) ciiljjj^Jl Jil y’u j/l A_illc. jju-a ^Лс- 

(jjil! лл*1! ^(JLIaI! (Jjf^j сз^ ^ \i^\l L^Lajuj ja (Contrast) (jjliil! (jj-jjj cJaAil! !U 


ja TEM u! J 
TEM -* 


,ljVI (j 


JA « 

I м! 


aaJl 


, j£ij ^jjjj-ai A_jij l^-ii ^^ic. TEM ц-дЬЬииУ 1 


0) 


.(Phase-conserving diffractometer jjH' IsUj jU 

4_L-£3J (j_o jl^^ll A jl jj£j (JjJaai s. L^>j jA M J jlg^ M ji jjAl 
0JJ3 (j!)iA ClLLuuli oJjj l“ i\aI£j li! 0 J }3t,x_Q j-a A_cuILa]I ojjtli ^^Ac. (Jjj-£lij1 j£ull cJUli 4_x_nlaj 


U *^ At ; (_£' U'J 


4 0.l_JajjJa]1 >1 ojUjjVI Anui A }'i )Wli AjUaall ,4_l^.jjui Ajj^j (JajlII j!)LL, Lua JJJ^J Jjlai A_lLcj 

,4.11x11 u-Jj 
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j^La. Loja. (Ji3 jA LguJal jic. I ^aJl ^jiil dlljH! (J-qIS!1a]| 

j^AJ t LLfl^ll Aj3 Lai a jj» >.s\ A-iii^ a£Lq-uj jI*jVI 4_ii>L A n»U jl£ lili . А\\ж II jjc. 

o jjx-rall jli JIjILj cLojaJI aLil ^Э jLliVI (^jLj JalLuiVI j-Q ^ jj£ \g * a (JuiLtj]| 

WPOA) ""^-IJjflj]! l__flJ*_Ja]l ^aJUL^JI JjJa" LL ^^^-A-uJ . A, n» \l jjA^\ jjujLia JaLLuil 

Lijl VI cAjjLi Jju^Uj cilli jl ^ j .(Weak Phase Object Approximation J 
L^jjj-ua jjj^aj j^Ai с " } iWPOA (Jjj*_xJI SWNT ^jL : JLll nu.J\ jiii 
jlj^J (Tangent) LuiLaa J_AjaJI jj£j \ a j aJjjJ ^э jjLiill jj£jj : SjjjLiA 

aj\jc. jj£j ajjj-all j\i JLilLj б( jjij^ll dil ji ^tla* a jiajj*j A_a jaJI jV) Ц -i jjiVI 
jjU jaJI A jLmjuil ajlc. j^AJ V .‘--ijjiVI jLfl^ jj^c-Lnx jnjljJA jjlxk jc. 

jjfL c" П*Ч j l-la. ALjAjuI SWNTS j-Q ^л~Ч Wl ^Lul jJA Д_А ja. t j^Jj .CJjujLia 

jL.|jj JaLiil (_£.ijj Laa tl. JJ^I ajjj-all jl .C__flj*jJa JjJ 3 I Л ^ajuiaJ! 

a jjiJI (jji jA *LlxJl ^^Lkj л jLLa UjjjuiJ j£cj V Interference patterns 

jij-uflj £. jjuj ^Jj jLi^V I jiaxj ^^Э J j jj I U j 6 jjjajII I U & I jaJ I jLuiflj jl j^A i 

<c.jujn j'W'i AjjiLJI l_iiiLVI jl jA TEM 1 л^.1 j ц -iic. tjUliAj .Я -jjg ■чаИ cjLLJI 

Laa c(L*_a jLLVI j! cAiUallj CjLjjiilV! (jali) A 'm a SpLjaj t__fljjla] jiajxlij LaAic. 

. jjjJal] L^_9 j jxj jj.il 4 , m,\l A Jo^L-a <JbLk j^AJ (^U! j-oj]l j-o 

SjjuiLa SWNT jUa^! (JjjL^ \ ‘^aa ^j-uaj (Imaging) jjju-aj]l ^лУиЛ ^a 

Ajjx \ l jjj^j jc. A_aLc. 'ij^S ^^^Jc. Uju-aa-1] j tMWNT \l diliUa jjl -lC.Li]l tU]i£j 

La j . j j ji^JV I Л jja. ^al Л VuuL \ 'ч^аа La£ Ajjj]! Aj^aii j jfL c I Л1а1! Cllia. jA . l^jLfli j 
A_iLflj]l аЛА aj3 ^-Э jA AjaA! (_]э! -jjaJl jju-alii ^-Э j\i cju-afl]! 1лА <_а!лд 1 j-aa_j 

jl : jjjiilV! ^jjaJ jLxaI! Ewald criterion UIjj! jL*_a ^L-aj Laj . L^jj^j.waj 
(R eciprocal JjLjII ^Jl ^ U! jjI *ij£ ^Jalii ajj-ua jA За*\^)\-А]| La'JI 

(Fourier ajj jj 3 jjjW Lajui! ji ajL j j^Wl ^ij ^LUl j ^ .volume) 
Lii! jLuil jLi aJL ja LljJajuiV a_ijjj 3 jjjW jVj cAjfljiaJI А_тИ transform) 
LUic. CiLI jJajuil (1) _? SWNT JaLi! jiAjj !U ^(Cylindrical Bessel function) 
jj^ljaJ! a£j-ui (Helicity) A\y LLl jc. <- <>L^j (2) j c jjjiiV! jja-A ^ j£j-U! LjLI 

Jjia. Jja. Lil^j La_i jl V! iLb A_iln-aflj]l CjLujaLj]! 1__АЛл. ^aJ ^flJj |ЛА . AjjulIjuiL]! 

(jjiaj ^LbLjj Amelinckx u\ja! jj^ jA jjii лэ LjiL]! i__iiiL^U jjji£JV! 
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(10,10) L_ljjjV gUU-a JaLajl 14.6 lMI . 4 Ji.>iLj]I lIi^ jx-^iVjll cU ^lc 

<ii*_kJa Lljjx-U! SWNTS \ 4_iJJj^Ii]! JaUjV! CjLjllxjVI jj£i 6^1-C.j .^Jjjx-o 

~Ч ц^| I jllj V CL-iluJI !Лф] . 4, nxll J ClilioLi]| (J-olc j-o (J£ ~ч ja x-o c. ^ 1 U kl j 

.^AjjjjauJI jjj^JI cijLLij j-o SWNT 1 (/77c/7) A_iujLi^]l ^LijV! 




Jjjj aIc. (10,10) Jjj*-« SWNT — 1 (jjjiSl! -Jjja SlSl^-a L-4 j (!) 14.6 J^uJ! 

jjL 19 £Aj-o]| j^) .(^J^jV! jjau» JAC 4ojjjj£J! 4-ajA J-a c JuaI! Jjaui ^Jc) 

^! j-ciui .SWNT (bundle) S-a-Ja j-® jjji&W! -L-aj (cj) (S jj,W4ll jaaII] IOP j-a 

^jj uj\ jx4j]| £ jl_k (jA Чдкха S jj!^]| . jj2l j^J! j JjaJ! j-a JS j-a 4^на CjLluIIxj! 

]a-4j]] LjA ja (jjjLj ^cUla-ual JjWl Sjj!^]| (ju ttilll] j . ^ jUa j]| ja ^jj-L I^jjLj jjjju 

.(53 J-^JAi! (>) 


j^JaJ .(jjjj£]V! ^jJ^. ^Ja-ui! jJ (Jj^. SWNTS ^a-ijjJ ^jjVl <]j£juiJ j£-aJ 
l L^a £_a оЛЛлИа SWNT JaLoj! L_i£!jj£ CC_J 14.6 (J^joJ! Jj! j]I (JILa]!^ 4(J±^J! loxii 

^j! JJjjjV ! (^Lja'J ! C_lx-a]l 1 ЛД j! . (Ji^J! J j^-a ^Ac AjJ ja*J! UjLoiI^», ! j-o ^^Liaj 

!лд ^^Ас ^jLll jjj ^cLul! j tL_jjjL!)U jLljV! ajjLj (Lettice) a^h'JI j* ^iiL 

L_JjjjVI JJ^-a j-o (j£ CjUUu! ^Jc Jj“'Vl l^LII A£jjoi]I ^ jL»i ^cLj JaJJjJ t Ix-sa]! 

CIjLujI^», jl jli iA-ijU! ^ jJajoi]! ^cLj j-o Jj£! JcLjI! !U jl LaJ . 3-a -a j \ \ Л q)-ij-all jj^-a j 

4J^U. j-o j^-aJ (JjLa-q l L-o MWNT Jjj^. Ja-<u]) .<jJaii_j-Q jj^iiui Q AiC (Jj^J! A^J-ui 
juuja Chiralities ^iiJljj^]! ^LuJj-uia jla tJlli ^ic Sj!^\c (. dj\,q i J-»\l jjj ^cLjJ! 

(J£jjjj j (jjj3 L_ijjjl (J£j a 1ч fi j-q <Luaij-L! jja! j^JI a£jjoi l_i£! jj jl ^ j» j J_a 


Lajjc. ^ ji]l diffracted beams sjja-dl ^ jpil Ajiuij]' jljLVI *са_ш Ljaji ji*_c A_iii]l jjj^ 

l_i^j] jul' jl л t J aJA jjkll A ul a I A_i£j U J^^ j J j ] a i ^aJ J3j p ' , ',', c~. . ^ J^jj^jl L k ^ Jj^uuJ i 
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Q = ) 11 j (Q = 2.94 ) 10 jjJ J&aj > o^ii u bQ ^jjjIj^I 

^Ljaall _)!j-° jA 6 (Meridian) (Jjlall ^lc. (5*09 

£jjj!i 1_L^>. (jJ jHV! <LlbJ' AjjI jllj .(_£ jjljl' L_jjjjV! jj^-<J ^jLaaJI 

J£1 ^jljll 2-^jJl! jJI > (Chirality distribution) ^jJI jjSII 

.J-oj^J! ^ Li*s (JbLi^.! (jl j! g.1 WiV I AjjjJuj (j! ^ \ u*n jj^! j^J! u*jj ajj! jLujV! 

AjjujLu^II j)li <,A \\я \\ Li*3j-q 1 >jj (jl AjjjjJ^JV' Я -jjg ~члЛ j£-oJJ 1 _aj3 

Clll jjL ^.Jj V 4_i! LaJj .OJJJ^ <liC. ^aj'N'N ^‘j Vi dlljjjJ Jjjll J A_mjoJ! A*joi!)U <ij*-Jal! 

lajoi Jj-Q jj^uoiA W'uLi (jjia CllljjjJ jjil! jjJ^. j XRD j to jjLo 4jjjlj L_JJjlj! 

jli tcjuUI !i$J .(*^лл 1 о JLp. (j!) (Polycrystalline) CiljjU! CiLu*J 

JaiJ' (jj'j Jj u-i ‘ ЛАО Jjs I jaJI (Anisotropy) ^12 V 
Cn j'itl ajjI j jbjjV AJJj j aJI jS jji £* sjU ajU) (Warren lineshape) 

* ( j^l j^ll ^ ^-Л 



jjjj . A atja л AjjjLi l-ujUI jjj> djj£> jjju jju , j л1 jj j jj jjjjl J jja, JaLui 15-6 j L-V jl 
sjjjill jjxjj А<<Л Jjb, sjjj j Iblkj jLulil Ajjjjjatl sjjukl , js ^yja-Lail 

^jaII ju) Ajijjll Jxj Jjjij ^ЗЙ AjjjSIjC. ^Ь| jS J ,jaj ^jl PLV jauj Q ~ 1 .8 1 Jjc 

(Elsevier Science B.V <> <jiL 25 
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.(Jj^Jl jjlii ^jjj j jll ^ i-oq*i'l o jL'r^ а 11 4jVq"Jl XRD jjj^JI ^-f-al 

4 L-oll CjU CIj Loi^xjVI (jl (~1.7 ПГП) jj\_b с__ш1_Ь1 4/ьк>х\ jjAJI A^fuill Clulj ^^jxjj 

^jjjj (Jklj tiiiJ£ j t jjj^JI jj^. j^ja ^Jj 1 j^. 4л. Jj2 iDJJXj-ail Ijljjil t." n <."n jjc. j-<s£j 


jj-o-uiaj j^aj 3 c jjjj^JVl jj-i^. 1 J-Vl jA biSj .11 j 10 (JJ2l jaJI (^Las) 

JLJI Ч jjl ^lajgjV I tjioij ^JIj 4 L . .1 y. ^_i JJ JfJI - II j XRD Sl Л^т. ^Ja^J ^З аЛллЛ 


л! J dlLjjjj ^jj Л^т. Jaju 15*6 i'nll ^jjjj^ .SWNT (J^ ^ya <auLll 

jS3j .l$4 CjLuJI ^l Jl SjUVI t (Polycrystalline) CiljjlJI хлл* 1 » SWNT 

t-TJ jll J ^Ja J) ^Jja. II jla3 ^JjSj ^З JjIq 4_j| Ljajl XRD 11 2jJ^ CllJjl 

JjU. <<1111 -nij Sjjill (Peak breadth) ^LLl (Coherence length 

.SWNTs _ll jjj CjI jjSll (Interstitial) LmJI 'Цлу\ 


Raman spectroscopy 


jLalj <jil_Lxj 2 . 2 . 4. 6 


Л 1 Лаи ^ Jj-ijj (_5 jjLll L_J Jfjj/I ^jlc- jLilj Aj3Lla4 lc. juj jj£VI Jjjlajll jl 

f . J л .^-1 4 V*> J 1' 1 J ^ J J' j П -S. y\ \ ^ lc~L 4 Q ^ J V->\ 1 ^ J V-> ^ ^ - «. \ 1 Л JJ & 4 1 \f~- ^J j л L-> jL^l! ^Jjj} 

<jji_^.i ^jtjoii Д -Aj^. ji^j _>uj A^jjjiivi c^vuiij ciiijj^j^Ji j)jj i_a 1 cjibijii jjjiii 

олд jl Lip. j .Sjli* "AjjAli" <iU Jl lajj jaII jjjjilVl (Monochromatic) jjlll 

ЯЛ^. J\ IjjS jjjjilVI Яз1-1а (J^jj li cAillail l" l"n\Vi jjc. V ojLiAil <iLiJI 

LLl^.1 . j jJ j3 CllLxjj! J! <_£ j jj Laa c 4_uiij j jJ^iV I jiil jUajil j-ajJa <L^.La A-JLi^. 

Яз1_1э (l" uLiaII) cii*iiiAil jji jiil ^ u-oj l" n^k \ (Inelastic) jja j^c. jj^L jjj^JI Ua 

.(Incident photon) laiLoJ! jjijill ja JSt j jj^! 

SjUV! 4 _i1ac. ^Ljj! 4-j^.l »-оа 11 CiLJjLil Jlijjl ^Jj ILa AiUail J^ji ^j*f 

jU j ajJ jl I gjl c. ^jllajj t (Excitation-decay process) l^ibL^jal j Я -jjj i£JV! 
ciiLjjjl! JaLjl jjj <iliail £a ^jal jjj jUlj <L^.! jj jli Lj^Aj .(Raman shift) 

LLlj j) <Ljjj^a JaLajl ja CjVliijV! jLaIj jAui^jj tajlc. j ,A‘n» 11 Lg_i jA-ui-oil 

^jjjilVI (Wavevector) ^^.j-Ll 4 v'iaII jjj .^JjaIa j^c. Ajjj^ai JaLijl ^Jj (^JjaIa 
.(S cattering) JIxjjII aJac. ^ Jjijj V ^gjx-LI jjjjii^li ^ 


.<Ll_Aj iiuii JajJj jUlj jA SWNT i RBM jli tliiLui ^j^jjj La£ 



.(7 «6) 4_UI*_a] 1 jlail с jlaa]l £jjjj] ^Jlli]ljj tl_£J ^jajuia]! RBMS ] jjJuLia juxu V‘i 

Van Hove singularities lJja jli JjI JJ-J jjJ (Jj-saJl I .lal j ^JjJa jJ cii]ljA j 

I l'm a lj]a3 (Jj-aJl IjA (_£ jLujJjoij jJa^il ^Ac. lx jijl Aajju <jjjjj£JVl DOS (^Э 

Я]1^. jA Vjj Ajiji^, Я]1а. ^lij jVI jjfL j' j^-*^ *J^Ljai]l jjjjiil ЯзОа SWNTs 

DiA jU ,АлЬ ^Ujj .10000-100 (J -Ьч Sjisyi JUbJ j- 0 jjj^ L^ tAjjJaljJ^I 

A-^l jj jc. jAuL jl ^^.jj jjl j]| ^j^.ja]I J jJail (Resonate) jjj (jiil j n UVl 

^^_^,ja]I J jJailj (ji*_A RBM \ jLol j &.luj (j]*JJ c<£jjla]! ol^Jj .^LuiVl 1«^-] (jLftl J 

йЛии laJJ Ujjjj Jj VhxiaII (Ja J« -vj iaia 4 'm a c. \ \ U1 jjjj ^Э jjjxj]! !Ub j! .Jail_ui]| 

4 <jjl^_j]| Jalij]! Laj ^Э l*Aj jj£V I jA (jUa! j j! . jj*_A jla^j L_njliV I J Jc. £a jUa! j 

^хлк]! j-Q ja.1 (jLJaj iiiliA cRBMS II ^Jj AiLjJayU . jJa^il £jjjji 4 (J£joJ1 (J^J 

^K'htijj . 4 n» II ^Э ^J-VVaII jjc. jjjj^il jxi & ja. ^Э AjJuj jW jj (jj]l D~ jlJajil (^_ajoij 

(jjaxj ^Jj SjLiVI ijboJ iii j .A'm II c-lAji ^Ax-aj (JjjLAa^ jl_ia.V! jjaxJ ^Э D — jUajil 

• 16» 6 J<^4 (_g-3 4_iaLj-<u]l jUlj L_fll_i]aV © j jl_j]l Cjl_AjoJ! 



(_уА 4 дф aII 4 j4jhll CjLluJI . jiauaJL SlAla 4 jjjU l-ujUI ju Jlj-U jLalj t AJa 16*6 j£-uil 
fj la-LUl .(RBM-jUali!) >4^ bLUl (^) J t D-(jUaI]| (lj) 6 (G— (jUali!) ^ g (2) JaLUl (1) 

.(53 £aj-U1 Су) *RBM (jUali! Jj^Uj i^ji^liil 
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. j_j . j (11,7) SWNT 1 J&'" ^ ji!) SJLIuiL Ajj^a 4 ajjua 17-6 JSjjJI 

jidj (7°) (Chiral angle) Oj'>« Aujlj^ >-LJI ^ШЬ (Indices) ol ^и 1>»!1 .ьдай 
.(sJjJauJI jiinll jl-J O -1 CJ j W 28 J^jaII ^a) .(jlujjU 1.3) 

Scaiming tunneling microscopy v 3 . 2 . 4 . 6 


(jjiall ^bf jA (Scanned probe microscopy) j^aII ajj^o 

jb*oql! jJajl) L_j\j£il L$1 J-ol£ Jj -аЭ jiJj^j ^aJ cAjjjljll 4 jqJ-ViVI A-ujIjJ 

^Jc. c (STM) ^qqj'l ^jolaII Ajjg > a jli Ajjjljll jjjj^ll L_iijlj! (Jj 4 u/iIIjj .(cljai 
4Jou,il jJ STM ^ bLoj J^C.j j^AJ .4_lJJj>j]l djLujljjJI j-o «li^xS! jja -л j^ajj-aaJ! 4u>j 
l_jaJ s j j£j ^ ajjjJo^ cjbj^ > jlx-c (Spin-coating SWNTs) jj *5LL 
JaiuJaj (<77 K) 4uJaia-lA Djlj^. 4_>j^ Л1с- jJjj-ajl! jLoC-l jL>jj ^jj .(111) AlJ 

jic. ^>^j jLi] .iJjj (^jj c” j 4_jjxl! j* ^jjjijj STM JjjIj jjJ^J >L9 • J.).K 
JJJXJ ^aJJ (Jjj! j]| jjS >1 ^Ijuia J jx^ .(Vacuum barier) ^! jill j>U 

4_LaJji. 1 g Ia> а) £_iJaj оЛД jj!j]| 4ua.l j! jj .LIjIj ^jqJI jljj]l JaltoJJ ^lijjV! 

. (Atomically resolved) bji ^j l/L ^ jjj^ Jjjj <4jjxll AjjjjjilV! b>j]jjall 
4^ u*jl ^-ujIAuiS! jlaLlj]! jj JJ Uill .SWNT I STM jjjj^a 17*6 cJ^A*jll jJJJj 

.4 Jo^^La]! jjjla jc. c_Jjjjl>L] (/7, /77) (jj jjJu jaJ! .Isjrkj j^AJj cLauJalj jjSl j>]| 


cliVLaJ! 4i\j£j 4 jjJ]I 4jjj]l .jjjaj СГ^ <LiLl£ > STM S! cjji jA^J 

0 jola]I 4j£\,j)oa jjjla jc. jji.V! !«jA ^lc. (Jjj-^aaJ! ^ajjj .SWNT 1] 4jjjjj£lV! 

!^£aj . jjjIjS! ^j (Feedback) jjjjA]! 4 _зл» jl! j ^_uia]| L_alijj ^jj c" c(STS) >iij]! 
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. 'ч'! (_3^ ЗЛ ^ l'l jLiill JaVi ^aJJ j 4 J)jV‘lll ^jaa ^aJJ i £.3 jaII ^З tijlj ^jjjI jll £a 

tillJ] cl1iVU] 1 Яз1л£ £a Lpjia dl/dV 4 jj] jiil J\ <jjoij]lj Aj1x^3^a]I 4j J> alij l_Jjuj\jjjj 

1] ^jl_jJaa]l jI^aII ^ laar'l 1 g » ^J (^5-^! Cj >L-jL-fjll (DiffGTGntiatiOn ) Ajijalij jli 

LujIj iSWNT _J1 cjljjjjJVI <j,jj J .1 jll Jb^\ JbjJ'il ujj .DOS 

11 ^ ciiljjj^VI ^ Vqj ^jLJI jlj^jVI jl jj^ caJjaUI diVUI JJIj^. 

Ajjjil jx jLmi STM ^1л Vutilj .AJjaLoII jjo diVUil Jajlj^. LajujIj tSWNT 

(chirality) ^^^jJI jUI jjj L^js a , ГиШ1 aJDUI j c<joiij l_j jjjU DOS 11 j ajjIII 

i." 1 алЧ"н ^)1 :ij 27,28 .IjjjjU 1-AjLilkl ^xj ^jII SWNT 1 <jjjjj£lV1 jqjL/t\II j 

A Ij^Ji AjUII A J-auil jj SWNT 11 DOS 1 ^jUaII L_j 1 jlajJaVI -li^Lil l^jli Aj^jaII 

’ 3 .Extrinsic dopant 

Transport measurments 4. 2. 4. 6 


AjjI jUl SjUI j cAjjI jUI A jL^jaII j c^jjLjj^UI AjLs j-^il u^^ u^ 

A n» 1 AjjuiLia L_fl1jJa1 (jj-al jjjla jc. 'л1 jg SWNT i ji.^1 (Thermopower) 

Ijjj£ Ij.^ SWNT 1 ^Jiill j^l i nn jjus 1 1 . 1 In~~i ^ t^jj^l <j^l_i ju ,<jjj£1_a 

. Дх- 1 jjl jjn 



SWNT _J (Atomic force microscopy) LjJl i jaIL 4jj$^j »jj*a 18.6 JS-JJI 
jj spin-coating ^jUj-lll f jUall 4ja_uljj JLL'JI ju lIiIJjjjJI Ая__ Jfr _luijhj JjjjLe 

jLaj jjjjitl fjibuu .Si0 2 tjA SjjS jtl . jliuVI jjl£ tjljj .(Dichloroethane) Jjb-. 

. (C. Dekker ju jjlu я ■%.„**... .) . AujIIlujj^SJI AjIjjII 
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SWNT I! AjjLj^^I! 4_iL-aj-<ilt 4-1а^З jjJala-lt Cll2 jl! ^^э j-ujjj л£1 

oAaj*_a!I AjjLj^! CjLujLoj]! ^j ciilb ^Э AjxaJj]! 4jj*_x-a!l . jujLia (JLaIj AjJjii! 

jj.uj.iVjj vLi£-uJ jl jiaxjil J jj) . jjjLoji! Vq jli-o LjLatiJ ^jjoJ (Jj^ kti'i ^Э Lg_xjla j j 
S-bUall ^Э Aijjjla -Lajojl (jlj . ((jiajxl! ll^J (Jj-qV! (^A CjI >ал V*jj! j)-Q Vjj£-o 

cjljjjjilV! U\a\\ ^jj dip. <JjU s jj^ j ^ SWNTs _1 (Spin-coating) ^ jJ! 
ljjjj! (j! £3 j-q jj.w*J (AFM) Ajjji! Sjill Д -jjg ^ a a L J jj AjjxJ! jj j^-V ^Lj *W^j^ 
AFM Sjjj-a 18 »6 J^il Jg 1*»J 4 jlj-ci! (JjJjui ^АхЭ jjJj£iV! -lic* £_kJaj-<J-G 

L_Sjia ^а!л Wit j^-AJ .Si0 2 o jj^j (jj3 аЛ^АА ljIJjjj^J! <xj-uj ^lc. (Jjla-J SWNT 1 

^ajL j! 1 g х*Л - 1 S jj£ jU (j£-oJ La£ cLjxjuj (jjk-a AjIjJ JjjjLII^ ^^Lja! LJJjB (L03Cl) 
^at л Vu J Ljaj! jA-<jj .oAjoj ljjjui! лз AJjlxi! .ju^V! A^jJa V i v‘i jj^jLuii! jl£ !л! t^lijj 

jjj! Voja. ^al^Vuxil (^g-ic. (_3 jAj 11 0^-ji! (j ji^ jj !лд . tii j v'ia Jjjj£il^ STM i! (JjjIj 

алд ^al л Vuxil (jL 1 aIc. i(j jjLl! l_j jjjV! (з^-! ls^ ^ jjujLa s!jL! ^uiajl (FIB) Sj£j-a 

SWNT (j-o ^j^. ^ vLLa-o l_jjI_Vj lIijj^! jii .lc. jJjuj L&! (^A LjaM jj^VI <Ljiai! 

(j-o (Jiji! j^ljla (juLii Ая yLil <allV-L! djLjiJI (j-o Iajjc ji jjj Lujj .MWNTSj 
.A jjjUlt l_jjjLL/! (^lc. 1 g (jj*jj (J! jj V оЛА (j-o t jjj£ (jli tLjlljjaJ! (JbLk 

^э (jjj-<Jl£ SWNTs ii (Multiprobe) ljLj^ jI! SjlxIa cjLujLii! jjaj*j 

tiiij LJJJJj ^ \/ II L L)a ^Э (Jjij-a ^jjC- jLjl (PlatBaUS) LjLjJaA 18*6 (J^xiilt 

(Jjj-a jjll JjLuil! -1а-<и1! (jj£j l$j| ^ijxj jlll c ( jjxjj j jjj (j!) JujlLil (JajI! A_AaC 

. SWNT ^ ^jj jSiyi 


Modlfication 


Jjjxjil 5.6 


AjjjIlL! (jjli ji! ^Э t lIj! jjLlai! j cjj-uia-ll &\jj 1 ^ u-ol Л&1 

a£j-uj lA-<^ iV jiili . jjx-a (j^a jc L_LuiLjji vallV-LI л! j-Lt (j-ajL-aV, jj-uaaj 
jjjiji (jjliLuii! <jLui! jA-ajj cjj£! ajL-q L_jjlia-<ii! (jl£ lij (Tempered) <xj±iajj 

. Ajjluaj-o 

^Э Jj£! ViaA! jjaj jjx-c ^^uuij ^a jSoi Vjjx-o *ол1-о Vuj-llA ^Ic- o jj^i! oLA jl 

LLja. L j£-q (j! (jjjj I j! V^Alalt (Jj! jjl! (j-Q (JjLI! jS jJJ L-Ua. ( jjLi! La. jl ji£j (Jla-A 
AjjjLl! (jjjjii! l_jjjL! Я -iJjla. (j-o Ljla. jli .< 1 а jLL! jlajxlt 2 _-o l_JjujLjj V Ljx-q 
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juail j^AJ V Lgj3 

(> v jli ЯЛ.^1 


j .ILLaj^ (Jj.WiSI VIiL 1 g '» -sj l^_jjj£j j \gfnjj jl jA 

JA Cj.ix]l iillLiA (jl Vj (J^Cil Ajjjljll L_lljljVI 


(jjlail аЛА (j>» r 1 1 jV^ j Сл -uokll l^iA ^Э .L_Lilajj]| J lUti \ (juaiL-o^Sl ^Э Clll jjjx'iII 
Ajjulijj (jjia Aj!>Ij cillljAj . 1^_1Э jjjj (^lillj Ajjilil! L_iuljV! Igjlc. (jjumjj ^jJl c! jjJ! j 

^Ljjil! j! jLaVI <(Covalent modification) Aj^LcjJ! Jjjwi : ^ j <ilb £*<\\ 

.(Filling) ajj*j]I j t(Physisorption) 


C^jUI (-ujU ^ LiaAIuuII JjJxj .1.5.6 

Covalent modification of carbon nanotubes 

Sl jLjj (jjjui^J ^jaALuij]! t LliajJ ^Э (_ 5 -ljVI Cjljjxi! (j-Q Лх^аУ! (jL 

(_jj (^iSI Aj^Jjjuj Ajijlajj Clllc. ja -л aS SWNTS , j'jq i .L_lilajjl] !.la. A-qjILo]I iSWNTs 
AujjLd]! л-тэ! j^Jl 4 j! j±a. j c(Derivatization) (jlijjoijU А,у a nj ^xil j-a (jj^ (j! 1^-jLuj 

L_Lu*aj jfij .<lc.lilo jJC. <jj£uo]| (jjJj£l! Ljljj (Jxa_i Lo ЯэИа]! 4 _i^.L (_ja ojSj-uia c. <iLal j i 
— CjIc. ja>aII JaJjJ j! (j^-QJ A j ill ^Э Д-а, W'u^iaII 4_3ji]| lj! -Iui^ j-L! (j! (jjLui LJ3 j ^Э 

о,^л a ^xilj-d ^a Ljajlj SWNTs II CiLL^j ^a t(JjV! ^LLLl ^э tCOOH 

LiiLui]! ljV jI^aII c*’ ciij - A_ij_jL^u]l Lgil j.ia. (jlc. Lajjola j ц 1ч1ч a j! (Strained) 
!эд (jjxA^J! $. j^. (Jljjj-uiV ciiiij AjjjJaxl! dil пЛаИ ^э SWNTs S! Vilcj ^Jj 

Л±а\ ^Jj ^Jjjud£jlj£Jl (jjxA^J! (JljWl (jLa. 6(ХЭ1 jil •'LludluJl LLjIa CllL j!j£jjCj^_1 

SWNTs jLji $jLj UUi t Jcjxa aijjK jjx (Octadecylarnine) _S! 

! ЭЛ ^Ju-a! cii j ' . Д_з jlaxSI lIiLiAa]! <. Ljjua j c (jLjA j j jL ^jLj j c j j3 j j jLSl (^Э 

(jjaJI cilL Laj .SWNTs _S lailjjl! jjjuj! j! cja! ^LujjV LaIc. aIiuj j ^caLjj]! 
jc. j! AjaALujj Cja! jjui^ (jijla (jc. Ц Lxa SWNTS ja ViS .AijLaJ! оЭА Cllixiuj! 
Lg_uiluiL (j^Al (j-^S! (J JjiS! (J-^AaJ! (л njji juajViA) Clll jjl^ ji jxj] jL (JjL-ajji! (jjjla 

.(J jL.1 L_11 iL! ^Э <1a£a ^ jj 3 Jua. ji ja 


Jj COOH - dilc. ja^aI (Preferential) Я1и >» У1 1 ViLuhV! jj 

(j^AJj . £ ji£ jl.la. ViluJaV Villl 4 Iv4 cLa_lj ojjjjJa ^ 'ix'i (Jjili]! L_1 jflVI 

; (Electrophilic compounds) Ajijjj£]V! ViLill V^LouJ ccl_£ jJ! j^xj ViLcaj 
VjjiLJ! (jljcjj SjLLa ^(Dichlorocarbene) jjLl! ^LLj jjjjil! JL ^i Li 
<Jajuu!ji — 9/ 4 jIijm ^Jj (Jj-ai j! jj^. j jCj^J! (j^-Cij j! jxS! (jjd^i ^Jc. j tSWNT li 
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(j LilujVl ja .1} j-U (jbUajl 4 Liq'i (jjl jlail оЛА jSjJ Uu3 j . BifCh jijjj (Ji jllki 

> > >jUUi J^Ji Jl AiljabU lc. Jj£Vi (jjjUl jl VI c(Derivatization) 
(ja^j jjjJa jc. 4_lj^_udj Ajjjlj]l L_nj\jVI (Fluorination) bjjia j£-ajj .Sjjii]! (JjL^. 

j^-ejj .(150-325 C) <jjaii_Lo Sjlj^. cjU.jj jjc. He <. аа^-Л F 2 jlc. 

Jkj jjj (j-Q C 2 F (> Д -jjja Stoichiometries Ajjj-aLic. ciil j_^il ^^.ic. (Jjj-a^J! 
^l -i~Li*Ju 'JlS-Q^Q IjJxJ ^ J ■ ^J j_jiallj J. jiill Jj^VI (Jl.lijj-J jl . luuUV I 

phenyl) (Sterically unhindered) alkyllithium aIUJI jjc Alkyllithium lUI j£ 
alkoxides j t (alkylmagnesium bromide) Grignard Jjljjjt lJJI j£j t 
jjjia jc. j 3al цш djl>lx.lij]l ^iuj .( sodium methoxide ~ jj ' j^n л j 1 1 jjj j 

^ ajjj^x oljjju J (Fluorotubes) sjjliall ujjjIjVi (Sonication) 

e e e 37 

JjjtlJ j! L_L^J (_£ jjlj L_J jjjl > (jjJj^ll С1з! jj (jj^g't (jl LaJj .t_Lll£]l (j-Q .13^*]! 

^>1 L^jU (jj^ -з (jl ajjjjIaII SWNTs ]l (j^Aj3 j! л^]1 (Jj^jj ^j! jj] 

cIjLc. j-ci^-a]! ^a SWNTs 1] jl ^jI^j]! SWNTs Н ja Lac. <jjjjifl]j 

(j^iuiVi j£aj V -bl itU]j i£jj ^.]j^]yi SWNTs jjl^j jIia jlj .-La^a 4j3jla]! 

е.1л]| (j^x> i fluorotubes Sjjii-a]! L_jjjLiVI jl (jjjoiA]l (j-°j . <> sja jU cIjIjjaj 

AjjUjUI (jjjljjj^SI ^ (Jc.lij]l (jjjL (jc. (Defunctionalized) l^liJijj 
(jjl jaJI JjUjVI h jI ^VI ajjU! j! jaII ib jLoV (Anhydrous hydrazine) 

SWNTs S AiiaV 4 yJV'i Ljaj! ~1000°C lic. jj^-jVI ci±^j £ jj'q^ll L-jjjLijU 

ciillj U ajj^VI A Л ollA jC- ^ljjjobJI JbWI jlj taAjoij л j. ^iq^II tojjiill <c.jjie 


I 



i j' a ". 1 jll (I) ; SWNTs — fj .1 a *v . — I (JxHi jl 1п.Цл .i 19*6 jS -V ul 

CjUataa. Л aJ^J 4ЛШ1 JLUVI j^ JjJxSI ijlSUfe .SjjIiSI (II) j . JxuS jj jill 


275 



LnnL^U ^g-AALuill! jUluj^U jjjnljl jjJJxjLui jjnSJjla tillljA jij t(J jU! 4u-a3Lk 

:uJ j! jU\ JojIjj J\ JjjjL JJj (Carboxylation) Uo^jjjS (I) :L*aj .ajjjLJ! 
Jb/uJ Jc.lij IgjL ojjlU! (H)j i(J^j*-U! ^jjjKI! jjjJa jc. Gster or amide 
ClAc. ja^ а 11 JjJa^-U! JajljU! C t JUti) 4_i3jJal! (Jj^xj I Aijjjla]! (JjJa^j .JjjJaC. j.AxA £a 

J\ jLola jb (II) AijjiU! Lni i (Strained sites) л \*k\/b\\ ^xilj-Ul £_* Ajlj^ jj j£J! 
t 4 j! iV I (Ja L aJ 19.6 J^x'UI ^Э Л ks - i j-q Д_л1х]! diUala^-UI . Jlx3 ^^jjL^. j! jl Ч ' 'i * xil 
<jjjlU! L_njlj3U ajaaLuu]! ^Liaj^J! j! .SWNTs Sl 4_u-al_k Jj^xij ^л ^. jUl ^j^v'ill j 

^_л dibLclij]! ^LujIjc jnj£ cP) jjUL-^KH ccjj cij iliij^. jj]j-o JL^ -л jb 

oLa Aic. .Aijj-a]! 4 jLl Vill A_i^.l_j]! j-o aJj! c!ja Cj^.j ^лс. (.. iujij SWNTs 

.Aic. L_Loi£i! р\и* Aijx-UL Ljc. 3UL. jl lcjlj ^ и>*_иаэ t Д КЛ11 

.(jj^.L/1 SWNTs I ДЬл)1! ciiLLaiL/ ! j! Ljaj! j£UL jj-i^JI j*j 

^gi xL j! l^-j-Q ^Jjjj ^^nll t jj^jjlnl! j jjjjJ! ocLx-U! (Dopants) ciA nLUI j 

jjaxj ^J) (Jooa jli]l j^AJ . jLLaj]! A_nj ^Э t ^JI jnJI ^^Jc. A^nLJl j Л L'viaI! jjnlL^J! 

L_jj£jjl! J3U. ^jJ! LJ B x C y N z _£ (Stoichiometries) ajj^Lx]! cnljLLVI 
. jlxJ! jjL ^ (Jjlj^J! J3UnV! (JJjl jc- j! ^^jUl £-}j£i]L 


Aj^ini иш 1 Л Jbjnjl 2 . 5.6 

Physisorption to carbon nanotubes 

(Surface adsorption) jljuVI i> ^ ^bjni jl JL.VI jJj 

ла.1 jll ^xJI oljj (Trigonal) J.li]l ДПХ ajjSVI ^j . (Intercalation) ^UaVlj 

ал^] j^xnj . л lj ~^2 CjLLil ^lj^V Я^ -Calj ^xiljA ^^Aj ^Laj^* SWNTs 1! jn 

.i^Jl л iiuu AjjjLJ! L_inLVI (J) jl j -л л w Lll Jijj j! (Intercalants) lIiIaL^VI 
jj-ojjj]|j ^ jJj-uL jj]l j-o 3U j) . 4njA j^Jl DOS S! l_jjjLL/ l_j! jlajJaVI j-o ^icV! 

galleries <ijjja cn ! jaa ^э ^nii ^^&j й t -" j*J] j jU (Intercalant) ^Уча 

jnjjV' (*1-^з) jl^j ^(.Jj-ULj .(K and ) cnLjjl£ л^п -ujLjil jj^ij^Jl l-LI ~ч <>» jjj 
(Stoichiometries) ajj^Lc cnlcUj! jiic SWNT _1! Anji! j & ! j-uj 
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SjioV й JjuoLa AjjiLSl L_lljljVI jlajXJ 4 >jn Д -lLalVl (Ju-a^j . Br^C^J KCs ^jJlj^. (j-Q 
JjillA jA ^а j Jj]l LlllJ j j Jj£]j ^jLq jA ^ jJjoiL jj 31 jl £jl jl! Ja ^t- j3l ^Цс. • B J K 

• — 30 cJ-qLj **»>!! 4_ia jlLal! ^э (jiali^j! jjjIUJ! ^э Ц^э^Л ^jjj tjjjjfiSj 

(jUai ^jLk (Vjjj j! Ijjxj -а Ц) ^ajj^ (JjJjoia Ял.! j!j t CjI W Jj Jjlii ^Jj tj]]j j^Ijoij 

4W * ? j]l CiXgL. jjc. с" п-ч ^Jj j \/ j <L-aj-a]! l L. 0'1 AjjjUJ! ^jjjLV! Д -SL^. ^э S j>qll 

.Ajjjx-all ajjjLJ! l_jjjLVI ЯЛа. > jjj£ 

jjjul! £_* >1 jjj] ^^_ajj3 (^JIxaa <jjjj Ajjl^*! a j>j3l jj-uiL/ 1 oLb ^tliij 

Ц^-] ajL^ja]! jLa j^>j ^Цс. jjxj u' cj^-^ (_^j]lj tDOS Sl ^э (Singularity) 

(Non covalent-doped L^aLjj 5jLLL1 jjo AjjiLSl l_jjjLV 1 jj£i V j .SWNT 

jajij ^jS!) <]jj*_aS! SWNTs 1! . a^VLSI ljL^ja]! ^Цс. s jksiftA nanotubes) 

JjLj (jjjjla jc. (n _ doped) n— Ци1Ц ^Ljj ^j jS (ЦЦ а_пэ! ^j JLJl aajLj 

39 

. 260 K (jc. JSj Sjl j^. dll_>. j j jjc. jJaaS! ^Ja-uJl ^ajJjjLjJ £a 4 W Lll 
AjjLS! jjlx-ASl Ja (J jjL ujjjjV A diL^jja (JjLjujj ^Э Ajjl£-ol ciSLiA 

jjjl£ uti ^jiSl cjLjLS! iAjjjlaSI oIa ^э . ^gjlj^K j j^ jLui* ^ jj ajLLSV! 

> .3jj jj!£ 3I AJjJl l L^>i SWNTs _!! LJji Цэ <(Sacrificial anode) 
(galvanostatic >jLuijili]x]l j*v jill jli ;(^^jLj ^£]1 (JjL-J!) ciu]jjj£]y! jjUa^. 
^jjjujLjLIj ^jjiAS! jj ^L -э! ji jij • ^jjxj (jj^l ^ЬЦ c. * iuh i л, )\*4 \1 charging) 

(jli 4cj]]j ^Цс. oj]>lc. j» Ihnl 1 j^. SjJJ^ (jjj^Ii LuuJ ^ jjn" j tlLl_lAj£jj^£ 

.ajL-S! a^LLLujI l_jLj jbLk (j-o Ljj>. (Reversible) L-uj^c. Д_и\ j ^ t K j j^LSl ajLuoV! 

f ■* f 

^jj-ua jl CllL.jij ^jL-q (JjLI (j- 0 JJJ^ £ j> ^>^ (j! jLiic.VL j^-VI jjc. 

(_5-L (jL. jjiii (jl L)Laj AjjjLil ujjjLV! (jl ^Jj jjjuii 0 jLj31 oIa (jli t(lnterstices) 
^]j SWNT JL^. (j^uui (j£-<u . ^jj'nLl (j jj! cjLjLkJ ljf> ^ijjx-UI jjiVl j!jj 
jj^. ^^э c^(460 mA/g j-o <Lmj^c. ax_ui 3 j3l j-Ll) Li ^ _23^^6 cj -0 Ljj-^Lc. cjljLjl 

lijL. ._1а^э LiC^ ^Jj <L3lx]l L^.j]ji£j]l jj ^LLUl С1пэ! j*JI j jj! (j^-uj jl j£uu 
jj\n» (ju j^*Jl jjc. сЦЛ jSs ^j (^Ij^jj^! 2г^"^ jU ^ jL^jS! UjL 

co-intercalation <A jiAa ^Uij Jj l-jjjL! cjSjLJl IIa ^jxj .(Crystallinity) 

. AjjI j-aft j j^ 31 LSLJI > пл^" 
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с д1"гч SWNTs II jljjj (j* jjjj (_ 5 -aAI_iou]I c. '<ajh j!i]| jl >a ^c.j]| ls^" 

L_UjljVI j^ajl >л~\ jjxj V LgjV c" I xlW'uJ jj A_1 aALuU jjC. (Jjljj (jl VI cJaLujjVI 
(_j-o <C. ^l Л Vdilj ^.La]| > jbjj (Jjj -ал. j)C. L ji] j . 4 jL^V I A_Ujjj£jVI 

Octyl uli^ jiuVI j J jua tilli > Lu (surfactants) jj jjII cjLjnaU 

ujLLjj^j <(X-100 и - — S eiJjJI) phenol ethoxylate 
Sodium ^g^Qjj jjx^ill jjjjj]l Jjjoijjjj diljjjLujj c(SDS) ^jjjju-ail 

aLoiLj (> LLL jl jJ! oLb > cJLJ j! .(NaDDBS) dodecylbenzene sulfonate 

Jajujjjj ^La]] 4_1з_а Ajjoi! j -Lc . jjjjj j SWNT 1! £_a -laj ! jjj c^Lq]] I jSljj !>ljj]a jlL]l 

л_ 1 ^. j]jjj]I 4 ^ La 'i V 1 AjjjUl! uiuljV! JLkjV j>.V! ^il j]l (jjl j^j . c.Lq] 1 Jc.lij]| 
dj^lc.lij jjc. SWNTs uiL (jjlixiVl (_^l) £jLLJ! *Lij]l jl .jW <j! J jL cdLujj^! ^! 

.AjjLq (Jjil^uQ (jjj9J-UbQ 1» ~NJ LaA t^Lol] SjiLj 
^jjjj 6 (jj jjj dlik ^gic- Luiajl ^JulauuJ! jjjj]| CjLjaaLk jjJaSl jjaxJ (J j*Wi 

(Ja*jj . 71“ 71 diblc-lij i t ihiii (j jjli]! Ч- 3 j^jVl ^JajoJ AjJIc. Affinity д_а]1 d! j (jj^J (j! 

<jj*_A <аэ!^1л uj!jj-<i]jjj Aijii* (jj£j (j! j! SWNT ]! ^j^. jLdj! ^lc. л ьА\ 1л^11 

jjjd jLxj . poly(m-phenylenevinylene)j poly(aryleneethynylene) Ji* 
lUXuJ Jjjdj (polymercoordinated) dLLLujVI Sjj*l* SWNTs Ajjbji 
j! jj^J! (_gJc. <ailk-Q djljjj^. pi tjLalljj .4_njLaJI jaj]_jj]I 

i- J.X'1 Jc. igj'""' linkers dlUajljj J lUaA j Aj_jjljll i_JjjljbU Aj^jLkll 

Jc CjLujjjjII j Jl t JL lUI Jjj^ Jc . conjugated moietiesAlaljLjll 
jjjjj Яс. ^a (Succinimidyl ester) ^ d Jajl js JDU. SWNTs 

.(Pyrene group) 

Filling carbon nanotubes Д -jjjUll иш1&И SUu 3.5.6 


I lg g >*jLa j^i c-(_£ j^. L^V (jU jAA-Q A_ix-ald Aj>l_j]l (jjJj£J! L_UjljV (jl 
ccj]]j ^ic. ojblc. .<-qjj£ >э! j^J! (> <xjjij jld]! <jjj jc. Я] ju-sai-c 4<jik! j al_jj l^jj] 

ajjj£L<i] 1 dljjjllj t ciiljj jj] ji]l£ dljjj^Jl (j -очэ xi (Lumen) l_9jj^i jli 

^э tdlAUiV! (> jj,wx> ^L 1 a]| jj^Jl (jlj j9x-o jxj jj (Macrocycles) 

C_J jjjVl al jj SliXJ jLol Ijl ttillj] • j^-lj j*J > 1 jj-Q-Q (Jjjljll L_J jjjVI L_9Jjdj (jjfL (jj^. 
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j-o LaLaj бЛзЛаь 4 _j3 *L&] ^jjj jl c jjjl jl 4(_£^)U ojj j)-Q qs\* n j jjU]| 

. .Uj Axj djl i j A-mll ojjLjlLq jIja 

jjl j^cj <> UxjI I л^л l$J 4i j jxa]I jI j-aII (j-o I ла. XJa I ллс. jjl Laj 

<xjjla]l£ LaIaj <x3j!1a JJC* (j-Ul */rs (JaI£]Ij Anj£jj]l Алс-1 iki-oVI ^_1 jJI аЛ^! jjfLi 

(j-o oU. ji-o]l ^jl jiil -1^.1 (jlj .А1 п1а] 1 L^jLda j)A ЛзЛх]| j)C. <]jjjuia]I SWNT 1 A-llaUl 

^gic. o jl^ic. . ^UsVL ^JjjxA SWNTs AjLujl j^-oj V • Я^ -Ualj jdi (Filling) лпхл]| 

;(Jjjx-o]l SWNTS II i * \\ x j j ^jJjuiLijjli ^^_а-1аи-ц]| ^ ^j! ji-oV! (jl (jJJJ j]j ja tU]j 

(Thermal ^ ^0 a]j >1_за£ (Jc.1_9j] <jJajC. 4 _цЬ^)ха]| Clil n Jijill a jl Vj 

dj^)Ia (JJa Ajjij a£jujL<ua AJj^)la]l cJa jj£j jl ^j^j-oil u* 0 uj .desorptionj 
(Jc.lij (> I Uno jjli (Encapsulated dopant) lili-o bu U jl VI cajLU 
ла^ Д -kJ jj (Spontaneous de-doping) >lilj SJUI Jjj-o > j >Uu£ 

<jjj]| L_9 j]jj 1 Ax_a.lj <Loij <J>j]l jj£j (jl j^-oJ 4<9Jjk]l a^£Jj . kj^-all (JjjLil! LUjjjVI 

,j^jh SWNT 1 ((j-ajl_u-aUl j a LbjJC. jl ) UjjjilVI 

Filling MWNTs MWNTs ^Lbu 1.3. 5. 6 


]| cj-o] JJJ^ (jij£ Ш ?^auail (J jlxijjLj ^lcj £(Ja Uli^xn l 

4 _u-aUil 4 _k_uj! jJ (Surface tension) jjjj dli Jj! j^ MWNTs 

co^^Ij o jk*4 (j-o a_i1ac. JbU (j-o Я_з1л21 (j-o ulli (jU'i Jilj . (Capillarity) Ajjxjuiil 

(J jg_a_* (j-aL-a j! j-o l_i£jaJ UjjLqj SUoxa]! MWNTS I! Sjjuiiia t.” \ Vi^ l” П*ч 

400 O C ajja. -U.jJ Uc. oj-\u (j-aL-ta j UjLlij^J MWNTS jjUij Ulijj 4 U_Jj£ji]l 

o jk*4 (j_o) <^_jLuaa UjIjUc СиЛлиС.! Uij 11д ^.АДзЭЛ (jjjbLi oAa]j (j-aUajl] T m jja) 
UjIjjIj j у j (jjaLo^.! jjj jUiLj-o (Jc.1_9j jjau c.” n-k 4>laj AnLi-oj£ (Зц! 3 (ajaJj 

MWNTs ajjxj ^i Lo£ .UjIc-LuJI j-o ллс. (JbU MWNTs !! £-o <j>il! SjLoI ajjIjaj^ 

700 - 850 °C dc. 1 ^ пл 1 ' 1 ) Vj! ujjjLiV! ^jj cina. c jii jk^. > jaUj j>l cjljU» ) 


4 (JjLui]I jlxll tCjLjja. J tdL jjVI jl t<JjJail UiLjjaJlj Cjljjll tjL-ajll jA adsorption jl ji-aVI ^ ^ 

.^гЬШ jj AjI AaII tAjLuall Jl jUl jl 
(ja jl ^Jajuil (j-e ojLa (jc. j jSVI lg )> j-«J ^JJ ojAUa jA dCSOfption 0-dl ^ ^ 
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jAx]J jjjla jC. C. ^ иШ jij ji tC0 2 (j-o ja-ii-a jLi t -‘* ^** 1 j\ S-lj^JI C 5 ^ 

4_llj L_J JliV I (_Ц1 Ajjxill L_1 £ ja -l^L La USlc. j . j^x^i л jl (JjLuj Ja-uj j ^^Э _JjujLia]| 
^^-ijjj^V! Jg ~чх>1и Sjjj-a jJJJ (_^L]I <20-6 (J^l сШЬ 4-]a^,bLe j5-oJ ij <*LjjL 

.Lo MWNT ^jjjjV TEM 

Ц 1 tii]j ^aJJ j tMWNTS II ^lia <UjIaJ jjaxj]l 1 g kJtx ) £_л CjUibll оЛЛ lJjJjujJ 

Я]1л. ^Э 4 j'qy^II 4пЛ« aIJ jj-aljxIL ji^J! (JJjJa jC- Ujj) ^Ij^JI aJjuj^l jjjla jc. 
Л^_]| ЛЛ^. Лд] j . (JjLui]I ui yj j-°J t aULaj^II a-lu^yi jl ('i.l^.!j]! o jLa^ll CjLAaC. 

(J^Vi V j < 100 — 200 mN/m jl^LUL (s juj-vll) 4 naiH ojLU ^^LuLI jjjil] ^^ic-YI 

^_Ix_a]| jjaailj IjJJ^ JjLj] 4 Xijll оЛД jl j-o ^C. jll ^lc-j . .l^J! ILa jj 3 Ajj*_ui]l <jj*i]l 

diL^jj dj|j c!jIj£j-<JI ^lc. AjjxjuJI 4 \\*'\W tdjjj-ajal tA_iic.j 42 .MWNT oj^_al 
l^jjjUVI aVUI MWNTs Jc. VL$i\ JaLu . JJill ^и,Л\ aUJIj Яи ,>>^Ч'^11 jL^u-ajV I 
cCe 0 2 <Рг 2 0 3 ;L3 2 0 3 $V 2 05 Ljajl j Re cBi t Au t Ag i jjLx-UI ^lc. ajjL^JI 
c^jjjljjjll Ль-и1£1 j ( Fe c Co t Ni cUjjc j сҒеВЮз cSm 2 0 3 tNd 2 0 3 CY2O3 
j ‘Jjjjisilj cjljjjll ^>L<al j-o Iajjc j cAuCI cCuN0 3 4C0NO3 cAgN 0 3 j 
. KCI-UCI 4 jKCI-CuCI 2 (Eutectic) jl^^VI Я1^ 



jjj 4-1л^Ш1 SiLuiAil .Sm 2 0 3 MWNT I (ТЕМ) ^jjiiWJ j^ -аШЬ Sjj^ 20.6 J£*1]J 

jua) . ^juJajj ^LutSVI ^ AIxulaII ^jJauiil j^Luu .0*34 nm Ljjaj MWNT II ljILlL 

. (f L-lAII длии 4 j» лу\\ jA jiL 55 ^^jaII 

jc. jij-wj Lla cMWNT L_lila Ailjlj 6 jL ^.11 j^jlqj jLa^VI jjaxi ^Э j^AJj 
£^Иэ A-LujI jj AjjiLii! ciibL-uVI l_jj£jj Д -J j 3 Liajl j£-ajj) . l^ulL AuLla AjjiL L^ijL-ul 
cW 0 3 AjjiLl! c^XuV! ^jjLoVI I ЛА ^W'uJ «iSj . 4 'm a Aijuj^L MWNTS 
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о'ла> 4 jjia C - J ^ LkLij .(1г0 2 j Ru0 2 j t Mo0 2 j ;Sb 2 0 5 j tMo0 3J 

,1 90 10 jjj ^jl jj ^jj ^IxjujIj 

^■LjjY ^^joijill ^ULj^! £jjij]l ^glc. 4 _aj 11]I CijljVq ‘ill djjjia (JJ^-I 4 j^L j-o 

t^j j^]l) 4УлУ1 j jjliill S-Hxj-c 4_illa!ijVI jjlx-UI L АЧлп SUx-o MWNTS l_jjjUI 


t(Yb cSm cLo t Gd t Dy) Sj^Lill Aj-jajYI jjlxuJLj t((JfLii]l 
с 1 из! jxSI jjjl ji^. ^jj 4<JL^JI oJa .cjl^jjj^Slj (Se t Sb t S t Ge) aj-oaLjjjII 

^jjj cAjUjjoi-q (j-o (jl jl t (PreCUrSOTS) AjjIjj (j-o (jl ^x-o AjjxjSI ia-uij £_д 4u>jjj 

.(Jj Jjl£]| L_Jjo1 Jj]l ^Lii (j -й ijJxJ o\jxa]I MWNTs 


Filling SWNTs 


SWNTs J 4^2. 3.5. 6 


^]j .lAjl_la3l j« x-o lu^i (j.W*iSl (j-o 1 q\"W «a lcji SWNTS 4 _Sj£ jij jjjxj 
^ijjia jl djjj ла j ,ajj*j]I S j&y. SWNTsl-jjjUI l_jj^jj] Ajjij jYI jjiai 
tPd t Pt t Ag t Au t Ru j , .->1 'i. 4 ^ -vl '. <Л_1Ал11 4 4_3 ^)XjJI 4 j -ў \1 

,JixJ ^JxJI jsjsll J VJ .Kl _Slj 4 AgCI-AgBr j KCI-UCI 4 

jLkj (j-Q .h 1 La-g t jj-q jj\_j]l j j J й jia3 ^J jjjl i flJ j^J j-aL-all-oY I ^'i<Q j (Jjl jjoi]I 

(jj^.1 4 j^L j-o .Ц nxMI ^»L SWNTS ^LiiY d£ji^ Ajc- 1 *n-o <3jjia£ Ajjxjail Ajj-aLkil 
^LuiaII ^ iiLjjj jl а ! j^ l^j£ojj ^bjjill jjill !ла djl jlxll jjLdjj 

^ljil jLk^Y ^ Sija^ Aijjia j jfL ji ((J jlA il) (jjlxSI jjiaSl jL ^^^_^.jJ li&j .Ajjili]! 

.aSjSJI SWNT c_jjjlil ^ (Extrinsic) ЯУкл jIjj jj 


S! jl У1 jj]l aj^. A_nj jA Ajjxill ^L SWNT S <j L_fljj«_A]l JHoJI JxJ 

(j j'W-all" Ail ^.Sc j-o j]| !j£j jl ^« \\) L**n\) (C( 5 o )/7 @ SWNTt"peapod" 

C 60 cjUjj^ j-o dUxiSI l_jjjjj j-o jj£jj (_^i]l j tC'^^Ldj]! jjc ^£_i-<ida]! 
fijjj -У! jg ia'l . iaj^-aSl (JjiLi]l L_JjjiY! j!.W jj^-a £-<* (Collinear) AiaLdL 
jji jj-Ul oLa (J^jojj .1 21*6 cJ^dill (_^э jj^ij-oi]! peapod (TEM) ajj^_^_a]I 
(fcc) <jL^a Ajjjj^. *ojLa£ ^.Ijjj (_^U! tC 60 S! jjj»jjj (Supramolecular) 4_Ljjyi 

.оЛҳ^ЛУ 1 Л laml Jj SWNTS L_JJjUi rLia ^sJJj tAjjljx -л ia j jjjj j-oj-ia 
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(Ь 

? 


Ja.Aj .C^o @ SWNT l_i jLV (TEM) S jj-^ (1) 21.6 Ji-uJ) 

4 hlk j II cjlLjjljiil J^uu .Sjj£j JSujj jl jj«ij (Vacuum) 0_lj2 jjjIIII (-jjjjVU 

JjjaJI 4 аал\ (jlz Jj^U jLe-al! u-* .1.0 nm Jjlaj 4 4 jjjJ j -л jaull AjjIaI Л1уц1ум 

@ SWNT 1 jjjolIV I Jlijjb ujjl£ jjJ ljI J (TEM) Ajj^ Sjj-ua (<_j) .^IJl fiiA j-® 

Ajj ji La ljI ji l aA jjJiJl j^LJ£ j-® jUiUjl ^jjiaii jjlau C 80 JS .LA^ @C 80 

. JIUI SJjajj» 


300-600°с Sjlj^. ^ljill ^ jj^ y'ill jL^j] sclc. ^jj 

jj-GJ j t SWNTS 2_л lijl Jjlc. ojayilJI CljljjjJ jill ^аЛЗох 


Jl a^j-J! jLHiVI ^j .^1 jJI pi <j-al jj ^n un 6 jjj^ai 0 jiil (Physisorbing) 

C5Q ClAujj^J CIjLAaxJ! йЛА jJjj »Ь\ a'Wa i^jLlJ! j-a l_j jjjL/1 cIHaI ^^ic. UjljjjJjill 

Cljljj jj! jill Jjijj cl^ljial jl SWNTs jlj-l^. CuUua UjIc^. 1 ^Jj Aujjjjjill 

j jk.2 L_Luj11a]1 ^l^JI JaJjJalL jA C^Q ^ jl Ja^Jl jjoi^. j-Q j . L-ijj jJl (jkl j 


iij^ a 4 h\* a jjoijjj Ajjj^I jC. Aulklj <ijaJ jjl jj-iaa-<J! jjJJ j^J! £a ^-^jjAj]! SWNT 
^ CuLjjjljil! jli ^gJlllLj tAiUall a_i^.L jA ^ЗДа IJa j . jklUl jA L_jjjjVI 
j-a Cjjj Laa cAjjjC (juj^Luj ^_a aVVJ <liLJI UjUjj^J! ^JalJl jLViViVl j^Aj .j^.lUl 

44 . L& j| jiiujl 


j^. ^jl jA CjLaS jA J tSWNTS jA 4_lAjA UjA (jj^JUJj (За*1*Ч а 11 jA 

jjLkJI jjLJ! 4 liotil jj <jj*lll VLjial AjjI j^JI I^jaLjUI j Aujjjjll c Jjill ^_a ji! jL 

J_ijC*_All dlLj Jjl jil! £_A SWNTS II A ПЭМ ^Jj tCllLlAJAxJ! CulLj ^aJ cil . c jjLJI 
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cA n B 3 - n N@C 80 <(c_j 21.6 L&il!) La 2 @C 80 jlli Uj (Metallofullerenes) 
^ ц ql''i -чх) Metallocenes Cd(@C 82 ; (Y jl Sc = B t s jjlj A-iJajl jjLxa = A) 
Uij . с. \\ж) LaAjc. <jjjj 4 Л,$ jjjjIj i 21 .Carborane jL -^э ^aj 
C jV tilli .jLxjVI 4jj!>Ij AjjjjJI ^ 1 аЛа (_paxj Lg_l CliUjjf. £a Ajj*j 1I ^ic. jj£jill ^sJ 
j-o o jliilx-u'vLl Laj Ijjj^ jjfL V \jjjl jl tajj jl c (Planar) Ljluu Ujj^. 

o jill ЯЛ jl ^»jj ;< 1 L^JI ь'л& ^i .(jjjlj c_j jjjl cjklj o jBjj jLljL/I c^j^L jjjujjll 

.AiUall Aj^lj j-G \ji\£j I jl jij-ujl j3jJ 4 j^.jLl11j AjlklUI jVI jV Ajj*j 11 4jl9Il1! 

<jji dIj! SWNTs (J^lj l*j 1 ! Я_р 1^.1 Ajjjj^. CjIjjL ^-Lijj ^^lc. Sjjil! jl 

^Ujj ^J (j j jj jl j-Qj^j ^jill Ajaja^I! < bj jlal! jj3 jjj cAjjj j^J! j j-U! jUjj 

AjsLiaA 4_la-u)ljJ ^-Lala (J^joJ (jfjj ttjllj ^^Jc. & j^Lc. . 6 -la.l^. 4 jj! j^.j A-iijjjfllj djbL-aj-Q 

TjjAjf-ll Ajjj jiilV! j-ajL-aj-ll ^^lc. 4 Iqq^ll CllUjjf-ll c_j!jlajJal jL\j STM 

ja \,g jlc. (Jjx^rsll ^aJ 4 llt/ajo <jjJa\_9j STM t flLJa! 22*6 (J^-jJ! jJJJj .SWNT 1 

JLk $. j^. ^l! C 00 ‘jjUjj^J 4 j£j^-q ciiV\iJj! ^xjj (Jjs C 50 peapod ^^lc. <xijl! jAai 
^jlu) jjVn Ajlc. (JjwoVL uiaI!) JjaLJ! DOS — 1! jjfL cjjiikll ^i .L_jjjjVI j^ 

SWNT 11 a_iujLuj! Алх -aLk (^jjxl! jLk ^Jj ^jqq'ill ^iUL t(J\jAl! (Jj±u) ^^lc. t 4 n»W 

^Jc. (_£jj (^jjxll i__Lf.j-<J! jjVJI) J jaLJ! jjc. DOS 1! jli j jkl aj^.L j-o jlill 

jjj£j cjLaj-aljuJ! oJa j)Ajjj .C 60 cjlli jf. ^f.! jj Aic. Jaia Ljl£-o oiw<> a\ jl 

11 j C 60 1 Ajjj jfJI CllljlxJ! (jkl-U j-o 4 _^jL aIjALq jjC. CjVL^. (jj (ju^a (jLLaj 

j^lj t4_iL-ajJ! oJa <jLLV 1 diVL^. jjjj ‘ jVl Я_з\_х1 lijjx -й jjjjIj ''.SWNT 

(jl (j^-GJ 4 w Jj p\_Lac.j jl i^k *til (Jja diUjj^ ^L^-aj jL (jg^jll ^LiiAjLl jjLll (jj 
<j\_ujj Ajjl^jj (_^Lj j .4 n>& Ajj j jjfllj CliL/L^. (Jj^-ujj Jj AiL-iaVL 4 ^_ajjS (j jjjubo ^j jj 

. (jq Vi lij Lxj! j 1j-q! 4_1^_1а <LLjiaJ LljjxA SWNTs 


Applications of nanotubes AjjjUII cjlLjki 6.6 

Lfio J cAjjLjIujV! AjjjLll Ajj jjj^ll l_jjjLV! (j-sajL-sxk J LLLjIujV! 4_п 21 jA^Ti 
^xjA^jll (j-L- ojjillj 4 Axjll (jjL^.1 (J£jjJli ^Ajllc. (Aspect ratio) ajc.L1! LaL^jI! <iuj 

tAjj! j^-1! 4jL.,a jJl j cAl jjll! Lillxl! Aj£jjl£jJ! ojillj sajIlL cii! j^s ^j^-j ccJL^. ) 

cAjjLiaj^II djlc.\ijll 4_La-u)! jj (Jj^xjI! <jLlij сЯа^Иа!! j! AjjLj^£11 ajL -^э j-UI j 
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^IjUUjjU c jjUl£j) 1-«»"' LgJ£ c^jjjU j.'b'^ J.^ .j ^gJLjjuSJI jljiLoiVlj 
t_iuljbU Ял1 jiall j ajIL^JI t"'UnU"'l 4_iiiLijj j_a jjoi t ^joiill I La . t-'Uj'U"'l j jc. 


.Ajjjjjill AjjjLill 



jijjiil ^JI AjjjU a j'n-ijjjl (') .C 6 q peapod 1 AjUal Ajlua jj]| t iLJai 22.6 JSuiil 

_jj. jjJI jUjjVI Ajnn'lj LulLe jjjjj jjliiljj tiJa^ji .(Vi peapod Ajjc. jjjjj (A) 

AjjjJ Хл OUjSjjII aJA AjjjJ ^jjUajj .AJjaLaII jj£- jjVLaJ Ailj£ jl tiaJj A nt" 

. jjjlj AjjC jjaj JjCj jjjLi jlLj Jjc AjL-a jjil j^) j (jj) jj j£ j±u .Ajjljjl jjljjjjjjijl 

f. jaJI (jJI C 6 q jjUjjiL (_j£ jUnj| Jijjjl Jju SWNT j| ^yjc Anii' jSjaII jUa AjUajjjl { J> 

(jj) .Ajjjj jjlijljj jS iaAiU .U .STM " tjjij £j jjbUjl JblU jj LjjjjVI (> ^jli" 

. (j»jj»jl j»JJjj Aj£ . jjjVI Aj» д>" jj jiu 33 jAjjjl 
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,jj jiail ulAukj jjk 4_j jjLUl LjjjUSn .1.6*6 

Nanotubes for storage applications 

_ll (Mats) J Li CilijjV (Uptake) j-al k-o t jV I j3 jJ 

jj£I Ял -uj £-a LiLjDa)] jj-D! оЬд ^al .w'LV Д -il jl AjjlLoj tc!>lc.l djj£.ia]I cSWNTs 
ojUa^A]! SWNT uIja jl l_LuI^I Lo jlcjjoi cAjl VI . (J^jLuiI! ^э L^La jl£ Laa jj'L } 

£Jjil (Jj'*-' 1 ' 1 ^ ^аЛС I La^) jl c ^-^.jjjj^nll jjjlaj]! 1 La ^aL! j)JA£A jj j^L. ^^iLj Ajijll j 
^lrrGVGTSiblG^ A_uj j£c jjc 4u-£3Jaa]I Li Ала£ jl 1 x^j'Ajj iAlLlj AjjJ ji .Ijc 1 ^j£ 

. 4-Iuoj^a jl aU, W -о jjj]l jjjLuj! ^)с 4_uja]I j-alu-aliAVl Ss-U^ jjSj ^ 


jja^j AiluJaj (j! Дс.1 u^ill ^Э AjjjjjLJ! Ajaii]! (JbLk jA -l^.j icii]i £a 
jj j^J Ял -uJ 0jjj il 20 J1 (Jj-saJ ('gi jJj^ ijjl Л Ajjjljll L_JJjljVI CjLjJ^A 

^jjjjIII jjjl CjLjUaJ ja La^a lj j£a LflU. Ajjjljll L_JjjljVl cJ^Luj ccillilj . jjj£j jj£1 

. ^c.1 u-oll jrLijVI L-ii) jj^V! 

C jj^. J J .li^)! jj j^) L5^ ^Jjjlil! L_JJjljVl Cjlajjiaj jljjll uu> ^ J DL 

. (FugI cgII) Jjij]l L^Uj (_)ал) ls^ iiljLiioi]! l) ( jjjjUa]! ^^.j]j‘^M1 j]j^_a]1 

^ c4jjjj^j]I (DGSOrption) ^c-aII CjLuj! ji Cji£l La£ iAjjiijll CjLJjDI СилЭ jj iiij) 
^Ljjil! JjjaVI jA uu>u ^LjjLl! l_jjjLV1 £a jj^.jjij^Jl Jclij j! 

^jlajoi]! l)-^^ Су° Luj j! cAj^jUJI ^ jL-uJI ^)c j-o L (Physisorption) 

c_JJjLV 1 l) x LS^^ jj>- j jiJA j-aL-aJ-ol jj-uiA AjIa*)! o iA ^ Lax't V J .6 Ajlkl D1 

AjJJJ^jI! UjLj! jill l" tVVtl itilli £A JJ-ll^-SI jjjjjl AjijjLj UjuJJ <Jjj\j]| 

A Упа]! IauIja ^Э jj^jj-li^)! j-aL-aJ-oV ^ajii]l jx Lt_ui! j jlc ^JjjLll LjIcja^_a]I j-o 
Jj£l (jl V] t^xuiL. oLjl UjLuiljj]! fiL pjj ^a) <jl (j-Q ^aC j]l ^^-lcj .AUI^ -л L_Jj]l_uiL 
^Luj II AjpAj\\ jA il jaJ! jjjj)] <Jj\LiaI1 CjLjJuia]! ijjj A Ix-oVuu-all ^aji]! 

cJjjjjj^ jjc jl 4jj jjj£ iljA L^jjaa j! 1 4 x-V^L Loj l_jjjLV 1 олд jj£j u' l)U*WI 
^a ] cVLia.j . jj^j J,\)g II jjjj) (J.w"tll !>L. LjVUJl jjuiL j3jJ *^ (_£-^l JaVI 
UjaU ^Lill jj j 4*1 II jjl^)! (jiL-aj^VI jLL]! LjlLoj ^qy'uuj LuuiL. ^cjLjll ола j£j 

jj^.jj.jg.11 jj jij j ja jJjlaj ^^Э jlLtll £_ui! j]!j jaJula]! с'~‘ t^k )1 Lt^Lj l£ja-o <JjjL]l 

.^jjjLll jjjj^ll l_jjjLI )_aj11]| 
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lj! jUvU jaJlpiSj Ajnjiti д -vtu A \\ AjjjUII c-ujUVI .2.6*6 

Nanotubes for environmental remediation and as catalyst 
supports 

4 jq'nl ^jjjjj j! ja£ l^ljVnJ 1 x>»jl Ajjjljll L-lijljVb AUiill djli Clllajjiajll Ja 
J jjLajll Ij^J ^JjjLl! L_lijljVI 1 g а.УП ^Illl 4xq'iAll j .jIjaII Ja IaAjJOj tJj^Jlj oLiaII 
jIjjC-VI Ljj! La ILI . 1 g'n'n jA j>j a11*ja1I SjJj£L Aj^Ja-uill -L^LulaII 

jl Aju^aUJ! aj^J j^AJ c^^-jUJI lJ1J£ j jjLl! ч- 1 j^jVI (Lumen) L_3Jj>J 

oJa .1.4 nm jiaaj ^j^JjAj SWNT 1 3000 m^ q ^Jj cJj-aj jii ^js IgJ jjfL 

jjfL j! Ljaj! j^AJ (_£jjlil! LJjjjV! jL LS^J^ A-i^JajuJI <U,Luia11 AjLxJI Sjjj£J! 4 Ajqll 
jj ^jl! JjsLuiaV! l£ 3^L1! Ч -1 j-ajL-a^. j-oj *L^>U. ^JLtil! j! jaII Ljjjj Aac. 1 j ojl_A 
AjC-LJ! 4_&L> jl! <Jjuj CjljjjJajl! o jA (JLal jjIa'WaII jj^uuj jaI! j-o 4 \x > l^jLuj 

^jjj C^C-jl! ^j|j ^UUIJA^ (Ja*J jl LJJjL^Ll ^LAjuJ ^jl! 4Aj£jjl£jAl! Cjjll J 4 4 jl3JJa1! 

jj£j i, ^-lujjjl! jxj La a^JIxaII .JLc. ^^^jjUjj dilj (Substrates) jjUjl 
I jjLo j i (Incineration) jj^Jl LJLIa LUa ^ jjLjll lj jjV! ^ jjjj^l! c . j3 

.Ij!j3jjuj! jj£! Cj\j£ja J! o jjIIviaII AjjjJaxl! ljL£ jaI! (JjjVJ j-aLk 

JLa-UI CjIjujV AjjjUII uujUVI 3*6*6 

Nanotubes for field emission 

Lj2 ULj^ VLj jjlil! LJ Jjj^! Ajl^j ^ jLJ L_3jiall ^jjj 

lj jjjV! I ili .a_jLj^£ 4_nl j 3 ^jjjLl! Ljjjj 4 ^! ^xuJa^j Ujjc. Lxj ja I jjxj j 

4j1ac. ^L jjjil! c'\* n jl j^Aj c(Vacuum) ^! jil! <j Lj^jj I jjjU ^jjjLl! 
Lojjc. Ш JUaI! cjlxjjl Ju^uj .(Field emission) JUuJ! cjlxjj! ^jujL L_fljXJ 

LjLjJj£l^U U-aLuJ 4LjLjJj£lV! LjLlxjjV ^gjl^A j>U j-Q jjlaA ^jLj^S J^ 

LjjUjl! jjA^ jA cjLjjjilV! jj^-xjj .6jUl! aiA ^jU. Lgjjjjia jjuj 

. j jj^! j^j jJaAl! ^Lj^ll! JI>a!I >*n nj jjLl! LjjjVI jjIjI ujil! 
Fowler- ^jUjjjj jljli — Я1^1 ха 1 oiA ljLjjj£ 1V! Ljlxjjl 4 jLc. 

:Nordheim 
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(9.6) 


J oc F 2 exp(- 


(3 j3jj 6 (jjJa^ll ^jLj^I! (JU^ll jA Ғ j tCjL*jjVi jijJ <ilj£ jA J C п«ч 
.ajLdll (Work function) (Jiuoili AJij Ф j ^^jl^jU! JUJi jjJ*j jjjLJ ULi 

.4 U~\ j jjjL. (JUoJ i" Uj.nl cf^J 6 — 5 GV ^Ji ja. (_£ jjLjJl l_j jjjbU Jijujll AJi j ^JjJj 

lj j£-o j-<J! (.jjLj^^]! JU*11 Lji i J jJ*J jjj^J 4-^LbU 4_ш jaJ! бЛлД jU ccillj 
Jaj ^ J-j-oUli Ajj^a j^* иЦз' Ljc.L JU^ (j jjLli l_j jjj^i Uji Lojj j . cjUjj 4 ^! JU-q 

<-а!лУи J ^jjj U-o cJ-AjLLoli 

^.4-Jlc. o<ili£jj АИ1Ил dAjjjj£Jj j.}Ua-U 

JU -л Cj\jc.\j£ ^Jjjllli L_lljljVI ^aLVuiAj Jj^ajli (JjaJ (jj^. i 4-ia.L j^A 
C^JUli ^ jJajaJi ^lajoJ jl t (JjUMi iU ^Э t^ijjJ-UI (j-Qj .A^2a-ui-<J! jlajxli CjUjl 

^Э ^аЛУи^П ji <Jjj\j]i L_JJjljVi c^gJ^” ^ULJ! (jaj*J! A-ujLuj tAilJali ^al ,W'u J 0 £.li£ j)jai^.j 

CjUUJ ^UJi ^ijVutiVl jjjJ (Jjaj (^JtJaUJi (JjiajuJ! cJU) 4-uaU L_fljjJa (JJa 
AjjjUi CjUUJi j)-o ^UVLtixili jjjuJi ^jJaj ^Ji ijJajj .(LCDs) (JjLuJi JjiJi (jlajC. 
j-o jl£ tcjUuJi ол^1 j_fj^Jl ^LjVI <_^э ojjUli Ajc-U-Ui cjijUiUVI j LCDs AJJUJI 
c70 j2a3 ^Jj (Jj-aJ jj£! AaJa-uuo CjLujLuj ^Э V jl Ajjji-JI L_JJjljVI ^аЛУУп jl ^ijjJl 
^Jj-aj jl - 1 *J (Laptop (Jj^^k^ll jJjJjUll CjLujLuj (_|1л) ji_x-aV I ^aUU^! (JLjjjVlj 
(Jx Vi jl £3 jJ-<JI (j-oj . Aj.W,^ ojlak !л^Л j ул <хЭ jJ-<JI Cj! jUjj-u:V ! j (jjjljUll CjLUaJ^I 
<ULJ! CjUUJ! 4 _a^_a J;U (jj! ja. jjA «UjJ J ja. J ^аЛС -j AiUal! ^а!л Vu J Uli^ j)-a (J£ 
<sUV I l_j jjj! ^^Jc. JUlil! UUiJj cjUUJ! (JjIU S jL 4_u^U AjjjlJ! l-jjjLVI ^^J^ 

. д <L> ^ aH 

J (j-aji-ijll Llll jjV <il»i CjIj J jj^lj jJ -aJ AjjjUil L_UjljVl а1лИл1 

(jl _i a'. - ч a\i (j. j . (Fast switches) <*и_)Л cuV juJI (_)Л La. LjjVU-. 

AjjjJI AjtjalVl CjUj^ dllj jj!i£lbU jjL^-U j^J-q j Li\ AjcL JjjjL C_JJjL! 

AiUall o^.li£ (J», Vt cAjjjjuJ! Ялиа) 4 ^! CjUiilaji^ . а 1 j-aaU! Ajjjjj^lV! jAUU! j ^Jj-aa-xJ! 

UjjLJ! l_jjjL!AJ ^yuU cjLjjjilV! jAi-a-o j)-o (_4Uil jLU' JUaJj tUiij-LI 
UjU-oJ jj-uaj (jUaJ I^Aj .Ajjj-uJI AjUbU (J jjj j-lx-a-o ^Ljj J_ljU-J Lj! jJ 'U^*UJ! 

^^Jc. iuy! JUj ojLi SjLjl tCjjUJ! j-ij-o (_^i aUiuj U-ujl ^abL! ^Lj! jjq» uUI ^aLi 

(j-oVI j-aaj j^T (jjjlaj UL£ .(ТГЭиГПа) А-аЛх-аИ AlUJ I >лилУ Jjj! CjUblc. £_ua J 


287 



^Э j*v xlull ljIjjL^.j Jjjla]! jjA^ aII A-ijjjoill 4 _*_ujV! jAjjoa jguj *>" с^^1к!л]! 

.Яс> JJjoLa]I JJC. j J-all j£aa]I jialjJC-VI Я_111 £а 1 j-Q l-AX 4 jl. \)a\\ 

jiajuA!) ЯлЗ jj-o jIjj Aill^] Алс.1л11 Ajjjljll L_iijljL/l j^AJ сЯ -jjg -s^ll dal qjiij'l j 

jljijj-ol ^^Ac. A^sLaj C5^J jl qjj».^ Я -ij jj£])M l— a\. axi^. jg\l t( Brightness 
JI^aII cijUjjl jAx-^ (Temporal Coherence А 1 а"А 1 ) AilkU a^ 

^jIjjjujI qa ^ju^j jl j£cj ^ill 6 ( Field emission electron sourceJ^jjjilVI 

.(J jjUJI ( jjj \- iLo]l Ajc. 4 _ia. j] j^l j j-«i]I Я -ujI jL ^Э c ." n W II j ^_^- a ]| 


ljIAalLj l-ujUV' . 4 . 6*6 

Nanotubes for sensor applications 

jA Л}ЛлА! aIsjujIjj Ajjjl-j]l L_iijljVI VajUi]! lj\, xxuu ViaII o j^-^l jJjiaJ jjaj 
Lj' Jjxjl' Ajji]l ^jjjJJ^lVI Ajjjljll L-JJjliVI <jlVuul j-Q oj^_^.VI . jAuujj .LjUjjudll 
jlg ~ч 1 juudjll (jiLud^jll jj-jij c- (j jjU)l j^iVI jjfL t jjiajll 1 аД .Я_п 1 £а]| AjjJI ^i 

(JLujjI jL^. Lajjj tA-iuoLujVI LjljLibU 4 jjla 'iA 4jaAL*_Aj tojLi j.lu^aA jAjJaliJ jji_L-a 
AjL-£3 Ja]I ^Э Jdl^ JJJ» jl AjjjLi]! L-JJjliV! tlijLuJ <3j-£3 j ^aJ La£j .^£1ujV 

LJjjLilLi 4_п^э1_аА1 оЛД ^-Qjujjj .LjljlJi]! (jA Am a ^ljiV jjaj*jj LaAic. Ajjljj^£i! 

t jj£jj j! tLj^.j jc. (- <Uu^ll VjJaiViA SjAB Ljli A-ujLul^. Sjg_aL£ ^a.lVluj jl <JjiLi]| 

.£cA! t Lli jaV! J i jjJj£]| A1 uj£! Jjl£ iJa-udj jlc. 
AJj£JI Ja*Jj . ^iLiil^JA AiUa Jj^-a ^Kjuij (Jjilj (Jjjul^IIa] jVl .jjuiVl tiiiLiA j 


4 \я *yI jhujViaII !1д ^э SWNT ]] ^iudj]! JIa£J!j t jjj^J! ajjja]! JaIxaj to jj» x-^II 

.Я -illjtJI Lliljjjj]! Ajc. .o j j^J! ja Ulj ja 

(J jj^. Лх ja"u<.iA £a ^jlijjl j£-udJ Jajjjj] (J jiLA! L_J jjj^/l ( Lilajj ^ai lilj 

cjiiljj <лэ jja Aijjlaj ^IIja]! jjjj]! (jA I л& jj*j j' j^-^-UI tjjxA (Antigen) 

йЛ^А -LaJjudJI <iLjJ! (J^aJauj . (A-uiij (Ligand) AiLtA]! <*_nla LaJjj) -Lajljj]! (jjuja J ^aJJ 
AjAiliill jiixuVill а j^-aLi AjjUa 'jjJJ^ Aua.j>j ^A! (jduj'sjll 4 ^Kj jjala. jA d jg_ajM 
^Lii! (jA 4 qKjll ^^э jAal q-Y ‘iL/l !1д jjjj jl £ijj-<A! ja j .^LjV! ^Ia Я1ал11аа]| 
. A-lC-l u-oll LjIjIa» II j LjI VViaII 0£.li £ j <jli j]| (JA Ajjj Laa 4^1лУииУ1 Ali Ljl juuuVIaII 
Aj3Jj]I a£jjoi ^^Э jjJj£]l Aij£! (JjI ljIj jJuudAJ ^gluJaU! Aij*-a]! i (JIja]! сДиАи ^Ас. ^L^-Ia j 
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4ja£ 'jjja'i ^-UjuJi л\л<^ c^Ij^ji l <n^i ^ivij Ajj^iJij 

йЛА (jbal j)A .Я] jjU ijja. j-djJa 00 ClAjjiulA ^ Jc. Jal д*ч\1 t ^j_uJl (ja.! Л ^Jj ^UjjuiaII 
(Jli-ujl fiJjJ (JjU. ^^kx^»\l JJC (.] j^JI ^a£!ji (j-° £^ji-° J^" J^ Lq £^а bjajl ojlaJjuJI 
JjU ^.Ij^JI jpa AjjjjjJa jJCj йЛ^! j ^aLaaJ AjSJj ^Jj ^UUJI (Jjlai jjjJa jc. Ajlij! 
djlc-Lik-al! j AjjLlqj^]! c! jaII (JlaA (_^ Ax^jja AjjIj aCjli (dlli&j .L_illa]l jialiajl CjljjS 
jic. CjIjjjujIJI c. Wi^l Uaiij 4 j£1ujV CilLujjuiaJj 4*\ ui al , W'uA j^AJ C п*ч iAjJaiill 

cjLujjuj^jaII jj a£jjoi1! oU j3j!iu . (Pipe flanQes) ljjjIjV! cjUiiaj ljUI uu-all 

jc. ^ Uj->x>\I <iljj-a l-LiIUj jj (Jiij L_fl jjuj Aj! La£ . (JUxi! Ал jLuj jj jj j-ai! Cj£\j]L 

jjjJajj сз a j (J j^aJ liaj ^jjji j t l^LlL! ljs ji! ^э ljIj j£oil (J! лу*иА jj jJa 

. jj£-oii L-Jjuj! acliiuj! JaC. jLuJaj tUjLmi! j уь jjj£ (JJ-oIa 

AjjJJ) LulljJaj]) j LjjjUI ljjjUVI 5.6.6 

Nanotubes for structural application 

Lo Ajc.Ij1! AjaU. jl! Ajjujl! j Aj^jjUiaII Sjjjl! jj ^JLiA j* ‘LjLl! L_iiiLijU 

L jjjjubQ (JuU 4л[к ;Aj1c.j .Ajjjjl! Ljli j^aII Jj-alic. ^alC jj L_flLJU ^ЛУиЛ! LgJbujjJ 
LjLma-A^ Ajjilil! jjjjUV! ^Vui ljjU cAjI^jI! . j juuajj jjjlaj Jj! 1лд jjfLi (j! 

ji (j-o j t(jjjiaji! AFM j\I jj! j ^ic. ju-ali ljjU c" n-\ i^jjji! ojill jaU-U Aijac 

(Jjauuiji! ^1э (J-ftC. A^Jjla (jUij 6 Lljl£jJ oCLU! ^Ja-u) ^jujj jJju-ai ^Э ^аЛУихП 

lj jji jU (JjSji! jlail! j! AjjliUV! l_jjUj 1! jjjj лэ j .cjjU-ui-U! (StylusJ 
jUi! cj! jja-c l \)>>sb ji ljjUj ^ LuumV AjIIc. ^jliiu)! cjlc I jj^ j3 jj (j jiLill 

jilj . jjjil! (jia-AaLi 4_JJjjiaJ! <jiji! jJju-aJ ^3j £ 4_lua jaI! t Uai ^U-oUj-UI CjljlU! 

.CVD 1! fijjj^ (JjLa, jui S jCiL-c AFM jj jjjl a_j jiLiil mliV I 4 jaVi jV! 

L-ULc 1л$ ~n AjjjiJ! cjLajjkil! AijiLill L-iuliV! j-Ciui-U! (JaxI! Uj cil 
Ac-jii-o л! ja j-e ACj-aa-* Ljia. j! JA J Ajjilil! L-JJjliVI L Cjliiiai jjjlaji jjjj£ 

LS* S jjjtA ju-ali*£ L-njliV! оЛД CjLil^-ol tilli л£! cilj .AjjajI jj JiC-j AjjajI jj 

л! jaI! ола (j-aiL-a^. jjuiaj ^^ic l^jjCBj jLjiiuiA ^Composite materials) aj^jaI! 

(.. jj ^jill CjL.W*AI jiaxj j-o jaV! jl*vj Vj !лА ^.oAuillj <ijjAi! С^Ла1ла c." п*ч jA 

AjcIaj iAiiLuai^l (J jia. Ji3ji сМ (j-° Cjli j£a! 1 4uaJLtAj L_jj£ji ^Э 1 g jc L_liiCji! 
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4jjj\i j) 4jjj\i]l jjjj^ll L_iijliV 4ji\_ijc.V! j-aj\ x-a^'l (jia.) (j-Q j 

ciJliA (jjj]j tLaLoi Я] j*_uLq ^Jau]! ^^-lc. -Lajljj]! (J (MoS^ 'I cBN Il£ J ja.1 

j I £a jl jjajj-ii^]! £_a (j jjlil! L_jjjiVI j! j^J ^.jUJ! L_sjJa]! *l$i) ^J) <L^La. 

cdiia! j*]! ]iLa. ^Jc. jl (JjjL<J! ^Ja-uj ^ Jc. j ja.jA Lo jiajki jA li^J • J^.1 J**ViC- 

^iLj <ajlaj l&jl^il Jjjj Ajjjli]! jjllUI lJXJ jli 4(Jja]\j . jj^. j j jj^JLi <xJjula]I 

. j jfLiLu]! aix£\ 

jjLo (jjjli]! l_j jjj^! ^ jL^J cJj-aLiA]! ^Liuuil! jljiiluiV! ! iA j! j-o ^c.j]l ^^Jc. 
c j! juJ! oi& ^.аЭ .4 j£ja]| j! J-«J! jjjlaj ^Э Д K Jj-a ^jlaJ <j) V) c CllljJllaj]! j-o ijixJ! ^Э 
j] Ajlljl^luJ! jalja]! jli c^ajC. iuJ! L_Lll]!j Aij^u-auJ! jjj Д_1Э1£ LSj-Aa. ^Lij) ^xjj Lo 
(J jjLJ! L_JjjjVI jlia. pLlAJ^ Jjixil jjj£ ig ^ £jJaj iiilli] .AjjJail! ^jSII j-o L_J Jjij 
van jl jj jjj jli ci^lii j-o ^jSl jj^i AijSu-aui]! i! j -й £a Ajjjj -laj! jj jj jxi] ti]]ij 

: (Dichotomy) ^JLu ^ j£i jA * ja» ja li^j .ciijii ^! aj*jj]o]I der Waals 

J-gI£j]! <jxj3-a]| Ajjjjl! Jjj! jjll (j jj\i]! ц-1 jli^. ^^i dj\ji*j]! jjjj j! j^Aj 

Д Kuia £a <SjLaa Ь!_илэ (jjLaii c jljiaJl oiixjA 4jjj\il! L_iij\iVI ^i j .jjjjj^U ^ISjJI 

jji j-o £51 jSJt (J^li j ^ jLk jjj aJja^. Jij ja ^ La jj3 jlj ^э jjAjj Jj^Lja) 

luJajx_A (jjjliJl L_JjiiLfl (Jj 3 j-o ji jaJI ^C. jj]! ^C-ill ^Jx-aJ^ cAjlkli]! ^iljSJl ]^j\_uia 

.jLaJJ 

^LlU! l_j£ jj] 1 jLui j -аэ . Ал jj\i]l L_jjj\iL/ 1 4 j3-!L*-a j-o ^^э\_иа) iai Lijjj ! iA 

l^jlil j-o L_iiuiJ j .Ai ja -иал]! (jkli <]jjx_A]l Ajjj\i]l L_iij\iVl Яс. jjjj j-o jjjxill jj3 jj 

• (2 »6 ^-u,j]t jlajl) ^ja. ^LijV LjjS Axili S jS SWNTs (jiajxi 6 jij]! l^SjLaj cJ-'^-^Lli-A]! 

oiA j-G <Jjj\-j]l L_JJj\iVl jj -лЭ ixj 4(J J^.VI Cilijjaj]! j-Q ijix]]j djLlS JaII ^) <J-ulj]Lli 

2.5.6 ^JuiiSl ^Э Ajjjlill L_JJj\iVl 4jli) (jji 3 iiboi3jj ii] j .]jjl jaj 4 Ag A ajlxL. ja]l 

<j£j-q ilj-o ^J) j Лл]\_ха]1 ^Э Cj\ 'nmVi ^]) jjia]l oi^ ^a.jSi jl ^_a.j-<]l j-o <lx]j 

. j-uia^l 

j-Q .(JJ^.1 Д_а1А A]Lu1A Jjj V Ajjj\i]l L_JJj\iVl JjaV] ^Tia'! £il J-Ul iji^j j) 

cJ j]a ^lc. (Tensile stresses) il^_a.VI cjljijj jj£ii jl Гп 4 Aj]L1a] 1 Aj^lill 

4_1Э jjaj ^] (ji]l l!i3 j] 1 ^gi J ,L_flli]aj-aV! ^l "L^-L^Jl ^jW*] t(Jjj\ill L_JjjjVI JJ^»A 

L_fl\_lll ^Llj) ^ JJJ^ ^aiSS jljjj ^aS 1 4j]a-uaA AjSj ^Jjjlj L_fl\_lll ^ljj) ^S L '<aj)a ^aiSS (Jjjuj 
.<J jj\i L_JJj\il jA ja. J JJXJJA Ajjj\i L_jjj\i! £A AjJAj] jJ AjjL-OA jA L-ilLlj 4 <l£ JA 
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lIiVL^-a <. олл 4jjili]l L_nj!_jVI j! j^.j 6 c£^>^! fiLJL 4jjLi-Q 

(jji oj!^)^. <L^.jj ^ jl]l j-^j] j^-^ -Jajjj j‘i» y'n LoAic. (Shear fields) 

l_idU 1 Ailii^ jic. j . (Glass transition temperature) ^Ujl! JliiiVI 4^jj 

Clalil kl~iksi\ jc. lj» jblc-Vl tojlj-ll! alilVl 4_JLc. djU-lAjj 4uJaLi_iA AjjjU 

(Poly vinylalcohol — J j^^Jl Jjis jj*i-a j-aLk ^-Lai jji^i ^ij . (-_jjjLi!yU sj\j-<jq 
jSlj . (Poly methyl methacrylate)-(PMMA) JiLUl cj^j^lV jj*i-oj PVA) 

^l,Wu J AjaAI j£jj Ьл-о tL_aLibU ^^fliiKi-Ul c-lj^l ^ ^g-Liafl c.“ i! jWi j! jaII ojA c." n nl 
4jjj\j t ^Ljil l1i!j£j-g ^Lij) > <^»*'! lj£j-<J1 J^b Ajjjlill LJJjljVl ojjxJj tL_flliiaj-aVl 

^j j-oj jj\_jil jjjjjbU ^jj^LUl ajc-LU! <iuij]l j (Stiffness) Sx/L-^a]! jijj kl~n>siA 

Al^. jljJjll (J-ajL-JlLJl ^i \jLuJ JJjJ (_£ J^.1 A_ra.lj j-Q cLgi^lj .<U Aj£jjl£lAll D jill Jl3 Jj 

ILa j .L_ijjjV! jji^^i ^-a (jLt-Ul jl j^-uaj-Ul <^.jj] SjLjj jjjla (Rheological) 
jjijj] o jjj£ (Draw ratios) J j, Jl Jc. djjill ^i L-iajl UL-u jjjj 

.L_fll_l]V! ^Ljj) 6 j£.LuJ-Ul j jl^. L_fllilaj-al 


.(jjL^ajil jA Ajjjlill L_iij!jV! ^gic- Ajjj-Ul l1iIj£ja] 1 ^liiV ^pL^-i]! (j.wMl j 
11 AjjLUI <il£j]l ClixL jfl j .Ajjilill L__iij!jVI (j-o jjfl jj£I \\W\'\ AjjjjjJI LjLaiikilli 


^i . j^.1 jl! ^ljxil $ 750 tL_ili^]l ILa Aj!i£ LcLj ibjUU jijj-Ul j ^ii-U! SWNTs 
l-jjjUVi (> (Mass production) <^-£11 jrLijVl AilSs > ^Sj j! jrJ j j^j jj^ 


.(ojax-Ul) <j£j-U 1 jlj-Ul £_uij-<JI I g qj^La'i j-o j^j jl j-UI ojA <i]£j ^iii J .Ajjili]! 


AjjI jaj S jllVI ilUjjbl j AjjjUll uujUVI 6-6-6 

Nanotubes for thermal management applications 

j3jJ 4L_iljljV1 0 -jJ J <jU (Jc. jJjjuball . (jjJJ^ — JjJ jS S/T jJajl j]l oUu jl 

> Aj>\j]| L_lijljVI ^l.Wu J LiilLo) ^jL 1 jA j . j^-lj j*J lj I jLi-d-o Ljlj^. jju-o jJ Liajl 

.4j]LU! 4jj! j^JI A_A<-a j-Ul CllLaiilaJ jl 4 jj! j^Jl ojl j^l 

LjljLj ^LiiV l_A "j jLc Ajjilj]! L_jjjliVI j-o ‘ijjiu-a JU^.1 Jaifl L-Jjlln-U! 

L^JJjliVI jjj iaJj]l jjoi^J jl j£-<J J-°\^ JJC LflLiJ^j-al j)j C(_£j! j^Jl jluajj]! ojJJ^ 

SjjLi 4-oij . jjl j^Jl jjx-ajj]] Sjlii jjfl ji (J!>L^. j-o (Dispersed) jmj-UI 4jjili]l 

cjL-o (jjaVi! (j jiLil! L-ijjiVI (_^ jj^ -л j-o a a!"Wx) ljLj jliuixJ i_^.La. tj]LjA jl JjflLja) 
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4_L-£ э j-dll AjjiLl! ^Lj^l (Jju-a I x-Vl о j-i> j 6jj! j^JI (Jju-a jjll o jj> 

l_iuIjVI <Ajii <jji ju ^ij-o ^Lij ^ic. jj^j ^jl н^£л j .(^Lj^iu 

Ajj jjjilVI 6 tJlj-UI (Jjiui ^^Uc.) LULj^ iljlc. jj£i (jl LoJ ^l <jjj\j]| 

jl xjjJjII jIj-U ;(JIja]I (_J_ij_ua ^Ic.) g.Ljg^ll <L-ajj jl (jjjjja£] 1 ojg_>l 

cjLjia^ jjjiu jjjL jn Jaia (aj^Iu^II jLaaVI (Shielding materials) i j> ^B 
j|jj£ 1 ^_a 1 ЛУил! j^AJ Ajjj\j]l c_JjjljV I jl j_£ajl >/т\ II оЛА ^^_ujj tij]]i£ . (Jja'sMI 
j| j-o]| cjA (Jjaj . AjjI jujj^il sj^V' J L£ (Contact materials) 

(JL-ajl 4 _ajLa jjSjJj t-4 U^\W 4j jl j^. j j£^]l Cj\jj£-o]l ^l ajljuil (JL-sajV AjjjjjJa 

.<jaiij Jj5j]l AjjLj^£]I CjjLj-a jj]] ^Jaiklo 

AJjjj^VI j AjJUI ljjjUVI 7 . 6<6 

Nanotubes for electronic applications 

jj (JjLu Cli J ^ Ут-У! ^jill cAjjjLll jJjjLjU Ajj JJJ^IVI j^ajL^k]! CjjLI 
jj .Sj£l j]| CjI jl jj jj JJJA^II jJVu ^Э jl ja]I o ЛА Sjjij I jjj^ IaLuaI t(Jj-aUI I jA 

CjLL-j ja]I jjL-Vl jj-aLc. jA (J^jjj jl Ajjjljll JJJjLi^] j£-aJ il jjjll UJ^ 

.cjljjll оЬд AjjjxAll (Interconnects) <jin]l cjLLjI jj]| Л AiLjaVL t AjijUjjll 
(Mobility) 4 j£j^. * *t a j CjLiUaj]! aj^J оЛ ^аИ j! i-o4ll |j (JjLU! jijj L^_j\ 1 _a£ 
(Jj£jjj]| AjLLj ^lilUl JJC. 6 js1uia]I 1 g ^kJ-unl j tl g а>л. ji_k-aj cAj]LU! jjjJ^lVI 
Ua j^Ua Lo jflj £_uil j]l ^aILU! jg >11 I jA jiaJ^ j3 j . (J1.>a 1I jjL j jlui jj! jj CjLiui jiA 

dijluilj .AjjjLl! mjjLV! (^gic- <ajL1! <j-uij^JL ц L yt ja]I ajLj]! j>lj^. 
l_jjjLVI jjj (Ohmic contacts) ajaj! cjLuiLu ^jjjLjjll Jl jjU-UI ^a с£1с.Ш 1 
^j]| Ajjiil! (junctions) Cj!)L-aj]! UJjJajA cAjjLj^^II t_j|jiaV!j Ajjjl_j]| 

.SJ)aL> djljjjj^lj ^^Jc. AjjiL l_jjjLV JajjuiU! l_iiuijj]I 4 Likil jj LjLuij! 


jjj jLmll ^gJc. AjjjLl! l_jjjLVI AjaII] Ajjj^ jj L_Jj]Lui! JJ jLj ^aJ jilj I jA 

(J]U_^. j-oj . (Jju-a jj (JjLui j£ t LjU'tll ^э LUjiLuij t Д ) jj» aII (Contacts) cIjLuiIaj]! 

AjjjLJ! l_jjjLV I <]! j! (J^l^. jA jV I 4 -^.La 4j>]L_a]I Cj! f. I j>! u-al ; jLiiL ^Ljll 

CIjLjSa ^JU-V ^aJj tLjlijjl t jnjjxA jj3 jla jlJ jjAJ ^jjl! <L-£3 j-U! C_amij j! AjjjxAl! 

6 j$J jc. Х^аэ i"Nor" j "And" ^jjjl jj (Jl ^Jajjuij (Component circuits) ciljlj 
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VI ajI j ic.lj ^iiil! IJa (jl ^ • (Inv6rt6rs) A_iil jil! CIjV ja-A (Jj-a j!i£! 

(jl <g_^.l jJ (_£i]l (jLli-a'^VI jVaJl jA l^J^! (JjjJ .<-ajli bj±& LlAj.iV tillliA (Jl jj V 4i! 

^L^jaJ! (> 4 C_JJjuJ} ll^Jj .AjjjJj£JV} Cllllnlaj]} jjlAoJ! Li^,j]ji£j (Ji-A (JaJ ^aliai 

4(jjiuiV]l olVL 4-g-^. J-a cjlij j jj^lV' (JL^-a > 4jjj\j]| (-.JjjljV} Cjlajjiaj (J jl jj£j (jl 
.(jjlJjjaJI ^^Jc. 4_Ajiii]! AjAJ^j]} OjlUI £-0 (J jjli C_j Jjj} (JjI-uiVa (jljfj' ^*\u*l C 


4,j J?ll ljUj JVil! AjjjLUI l-ujUVI 8-6.6 

Nanotubes for medical application 

4(^jjlill c_jjjjbu y^jUUI ^kaJ! (Functionalization) c. L h ji JXk (> 

C*’ П*ч (j-o . L_JJjliV I й l^J 4_ll]a CjLajJai j jJ^.\j]I (J jV t 4-9J jV (> 6 clijj-uV I (J!>Li. (j-o j 
£_aj . CjljiM' Д -aLuj (jj^J (j] l^iL Ajjjlil! L-JJjli^U UjIjajS Д_1л1_к]| <Jt_nia]l Jj 4 1 AiaI! 
(j]a tiilliAj . ^ H^ncliAj L_JJjliVI Ajaj-u (J^-k^l Ajlli-^aij LiL-uljJ (j-o lilliA (J-lJ 4 (ii]i 
jj£! (jjV cl ja ^Jj Ajc.\j]| <j-uil! j .Ajjjlil! L-jjjliVI Ajc-IjJI A uujllj (jlx'n laJ j 

<ilajjaiA ilj-o ls^j ^(Chrysatile asbestos) (jjjjjjajjaj} (Jjlil jjj£J! (Jja Sj^_uj 

(j\i 4 (_£ jiJ A_l^li (j -й . (jjjjjl! Ajj! J^J! ClL-U-aJ jVI jSJjjjJ ( (jUa JjuJI <JJjo1a) 

1 'n^Aj V o>oIja <ijli-o > j ciUil 4А_ш 11! cl j-U! oLa (j-o jU^j j» *.-o! (j jjlil! L_jjjjV! 

.l^ic. ^IAUI 

jj^j AjjLal! ciLi-iV! > cjUu-NA^s a_j jjLill L_jjjliV! СиЯи»! ^cilijjLaj]} iV > 

jj! jJjJai (j-U (J-a*i Lilc. ja~4 a оЛС. (illiAj . ^1лУиоУ} ILa 1 g \ Uuj i 5 >ill AjA-uiil jljJC.! 
. ! j! jj-ja! пи,п (j! (j jij AjIU! 41 Luic. 1 _^_а1_^э| jVij Aj jjlill L_jjj\iV I (^^Jc. Я -uiuj j-o 

<jjjJ! jjj ^LaJ' (jl jjV! ai$J (Operating assumption) >UU*]} jialjiiV! jlSj 
(Lipid bilayer) ajjLuI! Я-илл]} а 1 ± ь \\ (j! jji.! (j-o 1 ^ '^iun jj* 1 - 0 1! j3-a^\! j 4 j1uI£jJI 

^Э (J jjlil! L-JjjjV! iVjJJ Loijc J . l_j! jia-CaV ! (j-e (j^A-Q jii (_]э! £-a A-liiJ! jllaJ 
ljI, W i'i (jijk luJajl Л '^ajj .AjiiJI (Ukli (j-o i! j-o ^ I jVu J j! (JLuaj! <i£uUj-o 4(JVll} 
jl £ 3 jlU! (j-^J . j! i) Jl $. jjJa jl 4<LilVa 4 _boiiiai*_A lIiVL^ -а j! 4 _iAjj£^ 

L^jjI Vu J j UbLiJ} lJ jLoi ! ^Иэ! ^Jb l-ajjui jj*_i-a (juljiA !l£a ls^ cJ -4 **^ (^Jc. *.j^“I 

. j^ljaJ! (j-o Jx-jjjA Яс. JA~4 а! 


il. u>»urt A (jj£ij 4<c.U-il jl^a. > Ajjjlill ^iijliSn jili :(Immunogenicity) : Uc.U-il (+) 

jiui^ > jjI cili (antigens) 
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(J-o!j*J l!l>LgL^£ 4jjj\j]l L_lljljVI Llljjx-a ;(1П vivo) (^jaJI ^joi^JI ^Э (J-axI] j 
L-ljiiVI ^JajuJ AjjujLoiVI LllUjh Jjll ^uJa j-<JI >*Jl £-aj .4_alla-A j'n jl 4_i>jLc. 

4_iAjUaj lIiLVx \\ jl o j.W л Antigens С 1 з 1 л» ^Uti^l (j£-<n 4j! ^uJalj]! (j -оЭ i^j>jLaJI 

jj£o j cAjjjUII L-njUVI £-* 4^^ u' (Biofunctional ligands) ajjj^ 

LnnUVI ^ U^l Ajjiall (J-ol jxll L_al ^Jj-uV Ajxij-o Ajj-ajj-^xk jj 3 jjl (JjjjjJa 
(_£ jllll! l_j jJJ^! cJ^ 3 LS^” SjiaJjuill <L>UJ! jA (jjjJajl! I J^J .laj A-oJj .AjjjIjI! 

^ J*lc. (Steric) (jjU! ^jjjjjII (Monodispersity) (j^UV! Ji*jU! jV o jLSj 

J*J ^aJJ ^ UAj .^^jJ! ^joi^J! AjjJal! (J-oljxJl 4л 3 jJj oj! j£l (j£-<n tjljLuJ! jj3jj 

.IjjjI i -л :> jLaJl 


JjtLubo]| (jl LjjjU) L-ujlJbU Laj-JI j Ь -u-JI j-LII 9 - 6-6 
Directed and patterned growth of nanotubes for application 

Jc. Ял -Jaj-jj-j <jJ_i]| c_UjljV' ^-ic. йЛ -jJx-j]' dlUjlJI j J JC. 

' 4^jU]l£ JAaJJ jl <Jjj\j]l L-JJjljV! fiJ^J (j£-<n .раал 4_>jj jLg_> Ц л ^ jj.w"JI 

ciiLaj^J! j! JI>-q 1I diljlxnl lIj! л jjl£ clJIj-U! сДп^ ls^) ls^ (Cantilever) 
. (l1i\ nuaVi-tJI t(JU-U! (Дпш ls^) ^LJsanl ^jlj j4-> ^Jajujljl Lg_l (JjjLqJ]! jjfn j! C (^ jjJill 

cAjjjljl! L-inlj 4 !/! A_i>jJj (jl^-o (^Jc. o jJaJjaJ! ^aJJ l^lllajujl jJ ^lll! UjljVq'JI dljl£ c£]j 
L-JJjljVl (^-^Jjj Lllpk SCjAuJ! jjjl! (jjla 4 'jVuub (^JjVI LllU.L>j]l dljl£ J . JJ j]aj]| 

jjju-aj j (jj3J ^Vi ^al . W'utilj (jjjjjJ! ^Jc. (Mats) jua^ j-o (Jx-aqVjj Ajjjljl! 

(ju-a] Aijjla ^^Э j! C(J\j-<J! (JiAjuj LS^ LS^JU^V! ^-^Ul jg > -q ^Э C(Jlc. ^j~4 x JVn (^лЭ! J 
4 ,]j\q]| lIj! jjjuJ! (^Э J . jlg,>]l ^JajuJ ^^Jc. ^ U * л Aj£-o! (^Jc- Aj jjlj L_lljlj! 0 JJaua^ (j-Q (Jj£ 

4u>j (jJc. CVD J! c" \\я \ Л£Э .IjjJall j!i£l £jjj-al]lj L_ll£jj]! (jj]a Clla_iu^a! iAjjJaL<J! 


CllLll jjSfcUj 


.(jj 


oll 


Ij t ^-ujj-o]] jlj-Q Ljl Uti, ^Lilj (^Э LgIa Ijjj (j-ajxuaaJ! 


AjjjLJ! L_iii\j^\J AjjLicjil! 4 _>]L*_a]! (^i ^aCij]! (j! jia. (_^i t 4 jJ-JI Llillniaj]! l1i\,u.)>-qj 

.t aLJV! J l!i\j1 ja]I (^Э l^jjjxjj Ajjj\j]l L_llj\jVI ‘ flHlajua! jjJaj-aJ ^aj£j]l j-o C* П^л 




Aa.lj jL jja ЯоДл ajjL ajj1x.j Cantilever (JjA£]!) 


Ui! C) 
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t АУОж JJC.J ^УЛ» <a\l jjl£jll j-Q Дх -jjj-Q <C. ja~4 a LS^” ^VD ^al Л VuuL 

j-Q AjljoiIj <C-j-La_A ^Lij Lg_S^Lk СИ j^-oJ С5^ L_Sjjia]! LJjjia 64 -LqLuiaSIj <jL-£all j 

j^q ^j .ajjjUII l_jjjLV! Я -ojIS л! jJ (Morphologies) Aj^jj U xi S I JHLiVl 

JIq LqLqJ cojj^j LT^ Lp JAC- ^Ljl jiLl MWNTS II j-Q 4jj-ulj djLlc. AaaJJ ^aJ сЛ^.1 j 

^ic- (Catalyst islands) jlia_S! jj^. ^il jaj ^ViSI JLL^. j-oj . Iij^. тл^а\ 1 u . u : j»,ll 

Jj-oj j .4 'У-<иЛ jiaxj ^^Э JaiB j-oij Joa Vi jl CjLlitil ьЛ$1 j£-aJ tdjj£j]l SjL a 

l_j jJC- ^ic. Aj jj L_JjJxJI j-Q Я -Jlx. 4_Uolj jL^Jaj Jj AjjjLll l_jjjLVI oJa <jc. jj lIl^LLj 

CjliLS Aic. CVD Sl aJjjojIjj jl a_JL*JI AiLLSI djl jj jjj-u \g VVn ^li]! AjjjLll l_jjjLVI 

о\_а1а]1 4 Lunl jJ Ajj-u jj-q]I AjjjLSI l_jjjLVI J*»)a n j^A-oSI j-o AjI Ljajl lIijjI Lij . 4 ia 
A jjjLll l_jjjLVI l_lujjj tJijjJa]! oJa ^э .oJuu£ j-<a jjfLL-u Sjj£j ^^.Sc. jq^ a\I lJSvJL 

. ^ L -оУ I jjlAJI (JjuS j£Jj SiO^ LS^ LLLjjl (Ла2д_а JJC. ji^-a ^Х-а <j£j-q]|) 


^JajUl jLa -л. v__i_!UJk £J-« O JJUJJ ji j*i L- 1 ^ J -UJJJUJJI V-JJJU^ I J^»_l J*° J-^ 

Jljial ^x-q Jli 2 k Д K JiiA AjjjL ljjjLI ^LiV ^Lauj Л»<М 1 liA r 


>.huul j . jJ 


— ^ L_ и . — ..^ • — ғ L_ • * \ -* ^ 

j-al jdll 4 _uj! jl dj\-C. JA -Ч л\ ^LibU <Jdai-<JI JijjJa]| c'* Г\ u^al Lq jlc.jj_u ‘illlo 


(Jc.Uj]I Jijc. jjc. jliJI (J3 Ij ^aLVui j£-a! iJijjJal! aAgjj .AjjjLl! l_jjjL^U AjjjjjilV! 
-bkjji jl Jj tAjjjLl! l_jjjLVI udliia^! jjjLI] (Reaction chamber) 

L5^ J L5^j Jdlx-Q Sjjj^. j-Q AjjiLi! L_JJjLV! 4jA*n ^aJ . jLtJ! (j^Jj oLajL 

. jiuuVL j! Ajjjjj^]! SjIj ^LLjV oiU-Q Ajaujljluj! 


(Paramagnetic susceptibility) 


4_u. 


nili» a! jLjJI AjxjLoiaJI al Л V'uuL 


uLV! <k <ai-a X 


c((Jjill) ^ULj^U! L^jUaijjui! J AjjiLl! i__JJjL!iLS <L-aL-o]! (<iixda]!) 

.^Lj^lj ^-uLiLix-o]! jj]La_-o]| ^Lw'iuL AjjLj-q ljL^jIj AjjjLl! 


JjkLaJI (ji-^J • cJL^-a]I Jajia^. £-a (jjljjSL L_flliia-u£aV I ("iWj CLjVLaJ! оЛД ^Э 

оЛА (jjjiaj j-Q ,w\\ cIC-LjJ! 4 jx-h LjLjjJ^]j Jj jl ll^. ь^)±& 4 jx jiai» a ljVL^-Q Jj 

(j-o jal AjjLj^£ ljVL^ -л CVD SL AjjiLSI ljjjLVI ^j^Vi jli tdlli ^x-e .(jjiall 

.\_§jjjl£-Ql ljjjj! 0.25 V jym ^ > 
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Conclusions 


CjIaUIL ul$\ 7.6 


t\g l-V! j iAjjjjj^]! Ajjjlill L_iijljVI 4 j^ (_£ j^. t(J*^'l 1 ЛА (_^i 

j ^^jc. diLa-j! (JLa ^ l^jlajJaj j 6 lg К Wi j c 1 g jj j c \g n^ jj j 

^jllj Ajjlxll JJC. j^aj\ x-a V! ja 4 . C. ja~na !л^Д jjajxi (__£jV djLo j^,jJ V 4(> |L.VI 


L_lljljVI dljia. tC-UjuJI !л^_! 


jkill 


ja £_ujIj (JLa ja 4 VqVi Ul ^LajaV! (j Vuu'i 


^LuJj! (j-Q ^C-j]! (_g-L • (jjjgjAl^-A]l J И -aIxSI (j-o (J£ С_и1л. JA A_1 ujLujI CjLoLqJAI Ajjj\j]| 


ja (jiaJC. (_5 JJUJ cJiAJ V LjA ^LLa]! (_JjJ^-a]I (jl j^3jj j! л^.а\ 1 (j-o t (Jx-aaW IjA (jliaJ 
JJS V (jl!! CjLiujLujV! -Lj3 \ nLaC. jj]j .Лл.1 J (j! ^З ^ nWj ^x-uj jj J& (JLaSL . (jjaj 3 

^lc. Cjj^k i\l Лл_а ^»Ла!и (_£j]l СлхаИ J CfiLC-l j]l djLia. j]jj£li]l (j-o й ЛА LiaL! ^^3 jmj 
(j-o (jjlii]! (j^-<j ULj3j ^ji]! Яз^л_а]| (j\i uiiSi ^a .JaLa ^jali jA Ajjjli]! L_ujljVI 
.<1 ала 1! Ajjjlj]! l_iuLV! jjlai ЯхУз (jc. ji£! l ‘Wl j 4_i]jV! cjljjjuiiA]! j.o V"i 


Acknowledgment jS-yi 
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.4 Ajq\l AjLajlxi (_5-]c- 

Questions 4liJ 

Яз\_1а]! Cjlsllaj Яз1£ jjj ^LjJaIa Aajuj jA DOS J| ^_j j^ jli Cj! juu jjgJa .1 

(J^jj Jajuu! ^a I :u! : 4 Ja^bLo^ . JUJ! I л^д I JLJ ^uJa j . л» Jl Aj^U.! Я_и j jj£1V I 

;Ллл]| (jj\_a.l jjxjjI] 


( E-E^ =п 2 £/1т 

j£aa jj3 jj£! j^jj .^j^JC. (_5-Э SWNTs J| ^ljjV !лга. LujLjA (jLolj JusLJaA j3jJ .2 

(j^ • 1 6 • 6 (J^ja]I (_^Э \ g ^jLa jg Jaj c.” п*ч 4 m \l ^^3 jLj]! £J j jJ (J ja. CuIa j]*a]I ja 
| jj ?CjL\jj]| oU (_ja Ajjx-aj]! l!j\a j1x_a]I ^jL!jj£ jjjai c^\j^Aj (Ja . (_j£a! \ A*\ j ^к La£ 

. (jLo! j Я_:з\ jLa <Jajoi! jj (^jJ! j_j^]I Auuj! jj] <Ljuj j ^ jjs! t tj]]j£ jfL ^ 
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i0.34 jA j—ljkj Le AiUall 4_iU_j jji 4 1 l >.q^\I 4jjj3ljiJI jljj _)4-j (jla ^lii 
^jl iib 1*4 nm й yjjlj __jjjjl ji2 - ^ Al Ul JUill j jl ^ '■■* * U_q 

jU'all Cj|j 4 ^80 CjliijJ jill jaUjl jUjdl (jji 4_jl Cjjj Ja3 tiilli £_o .0-7 nm 
fiUlaJI oU Jjaij jl j£jj UuS .SWNTs Jj,j t 0.8 nm ^\/| 


i j 5Jj jxjJI SWNTs J| j Jij]| i_jjL^j JjLij jl jU/ I jjaxj jju_ j .4 

й *l д I 4 I /\* j -ч. г, ' I l " 4 Jjjolfljll T.f~. | . P p. jj 4jl_ioilj jj j\ ■*'■ /. | jj| N I /'N ( Q j i /.'n ^jjajUI 

.aJ^LUII 
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U! cUil! 


Ашхл 1аШ2| 

Quantum Dots 

( •£ -J j j*L J ‘jjj jj .jr ijjji 4 jj^uLj .<_i Л 

.Ia 1£ 4 JJ-ajM ‘cr^aj^' jjj>jijj t>jjjjJ JJji-e 


Introduction кллкл 1.7 

j . jJj-aI! ^ajic. ^ I 1аз! Ajjjllll ^_iJ! (j-e 4-J ^Uj! ^ 

(jjj! j3 Сз! ( jl* 1 0 ^ = jIa jjli 1 J ji a jjUl! ^ULg ® J tj-j' й ^aj)-4-fc ^ jL 

Дх- jILii 4f- ^Lii&VL 4 j-a j-q£J' JallLll Cjjlaaj • JJ^' 'jJ J ‘ . '* ' ‘L i 'L <\ j „ 

t-'l aj'U'i" j (JjLLoa jaK l 'ol x_aj' dj\_lj j jiL]j jJJ £■ j' JJJ (jJI j_li.j]jj£j]l Llllajjiaj" jj 
jj - 4 <jj_j jadlj j_Lj j-aSII jj V J 1 . -_1 v v I j 4 j j_qag]l a j^_aLH _liL Ljj 4_laj]jjl]| 

(Quantum confinement) jaj^Jlj <jjijj£]I Ajjj]] AjijjiSiyi ,jjLL_aa]l 

jjjuLoil jjl jjj jjj (Jc-Uj]I jj ojL]I jajaJ] ^jojLjVI (4 jjLJl ^Lj . j I j]L jj 
JJjLtjJ Я- L__aj v J I (^jjjjiiyi (jliaj]l ^Jc La^jj 4-Ja.jjj i ^fjl l£jjl£jgJ 
aJ]JL«JL ^jj*] (jJI de Broglie (_jJj >. jjj <_£j Ai]JlcLjajl ^ijj jl j (Schrodinger) jaJjjjL 

.(Momentum) j]l j (^jjJ' J jLJI jjj 

Quantum mechanical background ^ a,SjiISju" Ajilv" 2.7 

JJjLjJ jj__a3 jjal jjjjjl й I _>J.j |jjjjija] I jj Ajaiij ^_jja£]I jaaJI AjjIsLj (Jj 3 
AjjjjaiaJI Aj jjLJI l“JS 1 .-" Laa _ . AjL jJI jljoJI CllL o j'iS W I 4 j. j L j jajJj^jj 

(: ’ A. B. Denison, Louisa J. Hope-Weeks, Robert W. Meulenberg, and L. J. 
Terminello, Lawrence Livermore National Laboratory Livermore, CA. 
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4 rajj U.-aVI j-sa л . + ji'l) _jy' 4 ' j J L '~' +]jUt_4 4 Lujljj j_? j'^7'^ (JjlVl-a. 4 jJ ^aJJ 

(Kennard and jjjSj ajUS tRichtmyer t jjIa 'uj j 4 JH 4 II Jjj*j (^Дс. t^l 1 £jj(£jjJ 

. (Eisberg) ^jjjjjI JSchiff) < ■ ij» j tcoopcr) 


н Y(r)= [-(/г/8лот) 2 А + V (r)] Y(r)= E 'F(r), (1.7) 

+ Э 2 /Э q 2 AjSj^JI <alLSI JaUj Д j dHamilton operator) jjjLU JaIc. jA H sli+a. 

(Э 2 /Э p 2 +Э 2 /Эг 2 ) 



Jjd jA * , J JjJ j ajAja <tiUa ( jjja (jlajjaajl jil j^iaj . jjajVI (-UUil , J 1 .7 JSJUI 


jLaiLiil Ajaja^I) CliVUil jflai jjuV) uiilail . ^3j ‘ uSjSI j jjjjSJVI jjVU ja Jii jj— a. 
^yjjVI j (JjAdjjil (jliaj jA jjkil jilLU) tJalll jUaj .(h) <— jSjIIj (e) jjjjlbU AjjuUaII 


. jSlSjjl (jUaj jA 


^ a ^j-ijJI - <_g jil ac-bjll Jjaj (jill (jjjAI ^bj^HI а^ -aJ I jja j* V(r)j 
aJjS mj (UIALj UjjIj jA /г . V(r) = V(r+a) j I ‘(Inter-atomic lattice spacing) a£jUJ I 
la +а. SijjxA (jaUjjjU JJalxA JjL. jl ((Eigenfunctions) jaJ JljJ . jjjjilVI 
jJail) (a) 0 . Suul l ac.Uj]l (Хл AjjjJ Ljajl (^л (^gjll (Bloch functions) ^jb JljjJ 
Cia J jiul (Kittel (Jliall Jjjjj (^Jc. (4_Дл^а]| 4 11 -ч II £.lj jj£ jUij 4 . -ч V L, V\M (j-ajj-uaj]| 

S (Mermin jj-ajjjj Ashkroft 

'P(r) = e ikr u(r) (2.7) 

jAj (Interatomic potential well) Cl jil jjj Jc.Uo3l jjj jjuL JLj u(r) Ауа. 

ас.1_Д J jialjjj AW'ij (ji]l 4_a.jA]l 4 V'ia jA k j -м(г) = u(r+a) (jl ((_5 jjj Ujajl 
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(jjj Яз!_1а dilaUaj (jj^l o!>lc.! 4_^.j-UI <1 jIx_a jj! .a£jjoi 1! 

Lq jA i ! j!i£! J jl ^-1 Д -jalj ^jjj ^Jjix-o ^jUi ^il! j^ 3 j 1 3 ->>*пУ 1 <__jjj£i 3 l 

j^jj ^jS jj^jj .(Parabolic band approximation) g^j&ll ^ilLUl ^JaSll Jjlkj ^^axjj 

• ^ li$J (Eigenvalues) 

E(k) = (hk) 2 /mm eM ), ( 3 . 7 ) 


£ JXJOLA <aUa ДЛа. jJ jjaLa jjjjfUI) l. hMl jl j j jj£]7U 5Jlxill чп е и 

- , ■ -’ J (Jjuajjs <■ L^i |J .lalj ^aJjoia. Ailla . fljjal I llaljaaj Uujj 1.7 _L ■'''!' (jffj . (IgJ 
jil£JI xjaflll jj й (jpjl (jiJ ojaall .ialjJJ j . t_j£lllj jjjj^lVI tillVLa. jji (J^l 

o jjjLjs JaJJjJ j tlsjLuajAjl i_aL_ail J iojaill (jUaj (^j-auJ ^jill (Parabolas) 


jilSnll ^Lqll ^ljj Vir. aLLiUI ^ L- o-lc. j I L 1 Q . 4 'м » 'j jLil 1 , J. 21 J .ail x^aJL 


i. a\ — aiL o^lc. LalaijJI oiiA AiUall CiYLa. jJLLj (Valence Band-VB) " jalSjll (jUai" 
"Jj_a jUI jUai" ^ LV I ^iLLail ^JaUI Jjal J jjlalUI ^Jc-Ljajl JjjaJ j . CljjiL-a jaII 


jUai Jj (jjjjliyi jLj ctUU £-л .«Лс ALjli (^Aj (Conduction Band-CB) 
jUaJ AiiaJji Laj ooljj t д!а> j (jUI 4 (JILaII (JjJaj (_^lc tLjJji 4 L . i,l j , (_Jja_oajjjl 


jlilc.1 (jSjcj ^(Exciton) (jjjjLo£j (^jaS 11 а l_j£ — jjjj^l'VI ^l jL .«•jilSill 

jl J jjll Ia jla3 J £— ai л_л LgjlL ia. (ExOtic) <J Ja_q 'ojll t^jjljjl . j oJjLLjj l 

. (Bohrradius) jAj? jLi c L-ai 


JbuVt Ajjjlli 4ajjjja£j| Aiailll — (ytjjill j^jaJl 3.7 
Quantum confinement - 3D quantum dot 

<_S^ J • (D = 2R) jLs CjI j AjjjS ojjjj JLL ^LLll Lc. (_jjjl (JlLaS 

^a. jaII (Jjiajl (jji jij^al jjfsJ jl D oj^ll jla3 ^lc . . J J t4j_ajji£ 4jjj jaj ^auJ 

•L ‘ts^JL? — I 

?i = h/p, (4.7) 

(Momentum) ^Lj jA p = hk/2n j t4DL CjjL t(_sjLl oj* tjA /г CLsja. 

(^д E / ца. t£ = (3/2)kT = p 2 /2m LLi.1 lila . T ejl ja. -Lajj ^ic. Ajjxll ^ jjjj^l'JI 
4jajJ .lic /. j '< t(t_sajll jl) jjjjiiyi 4 l''L m j jLojjjjj CluL k j tAjSjaJI 4jUall 
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D < l&jlaa Ajjj£ ojjIj ji j .— 6 nm — ! AjjLuui (—300 K) AijiJI ®jl J^ 

jA jja. (_^а (_gJt_lJa JjL J< ■'■' (u_Jjijjll j!) Clllj jjj£ 1 VI A_^jji Ал lax i iaj 6 ПШ 
jl£ Laj _g_LI ЯаИэ jLlj j j j"'<IV 1 jl Aj^jjjll a .ajlx. <ja jj£i jl ^ 1 _ал j* - L 

jJa5 ■ jl Jjill jA jjjLill I ЛА (_gi jJajl! jjkV I AiljJallj .aJ j jlc. j o£j jl jfL&l 

ClljjlJI oJlA (gjuoii J . ; xnjnaJI JjlJI Ajjj j_o jj£I jA ExcitOll ! (jJjJaJI jAjJ 

ja-aJl" A_aj|j!l AjjL j;Lll AJLaJI (_g_auiij c(QliantUm dots) A_uoja£ Ualii AijjJajiJI o jji . _-»" 

.(Quantum confinement) yLJl 

■ Ajjj£ 1 I A_uoj_a£!l A_Jakj!l A_uJa5 __g_3 jj _ _al Q'ill j-Q j_cj jJajj L jC-J 4 jj I 

cAjju Ajjlio jj£J 2_5I jll (_gj (Jjajj V (_g£l c I jjI ^ 'ij L o j£ IjJJ JjkL cs-LuiVI JaJmiilj 
jVI JiLLlj . (Quantum confinementJ^jjiill jj?naJI u_jaljt j. _nn! L ^jujj ,_g£lj 
jjaj ^ (jlaljjui jj!l j_jjijlj£ JtLai JLaAj ^л) (Hamilton operator) jjiiluoL J_alx 

: JLll j^iil > (>V 

H = -(hVSnme) A e -(h 2 /Snmh)Ah + Vj(r e ) + У/,(г/,). (5.7) 

: jjnillj 

0 Lj-iic /: </? 

i 

oo L-tic r >/? 



/t (6.7) 


: LkL jl j£_oj jj^-jll (Exciton) jjjjLmSV! a!L. ^ 


^(^, П) = ф e (r e ) фн(Г /,) 


(7.7) 


jl_a_il j<_ijj c (jjajijuuo JL_jj _j>L 'V' _5 j£ JJj! jaj j j j-ui a! jLt-o Cluj j j ji 

(JjLut-J JaJlj . Д!1 КгК^; Aa5Lt!l CjI j А иц. j| L.Ls/1 (J__a j—aj!l Jaa. _ LJjla 

(Spherical Ajjj£!I jjLaal jj!I JVLi. (ja (5.7) ALUmil (Normalized solution) 

(jiuijaj-ol jjI cJL-all Jjjui (_gic jiail) (j ,) Jlij CjVIjj (Yim) harmonics) 

c(A_uCaLj!l CjVljl! Jj!j c(Stegun) (j»iiuij c(Abramowitz) 


K,J r)= yim(2/R 3 ) m (J,(Znl)/ Jl JZnd) 


(8.7) 


L+ajS (^LVLi j! Ji(z„,r/R) JLj а!Ь Jc- +j+aj • Jj cjVlj jILujS ^ Zni — !' 

I llj L_J _^3j]i ji dllj j^)J^]Vi Clllilla Jaj^)jii]l оЛД £_д .А_1л 4_Iakj]l ^lLuoi £-q 


(h /8nm e>h ) (Zni/R) 


(9.7) 
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^Jajj Jj)\*v4 j£J ^ lJ^LLvV! J)i . АЧИ-уа ^la-aV 4 jaja£]| Llillj JULva 2.7 JSoobSj 

(jk jx-uaVl CjLluj^JI ji ia^V .AJjP j£i j juaU! j-aLualaVI ^Цс- IjLajC-I aoutaJI 
.(j^aS?I o-sIaj) JjjVI JjbuJI (ji Laja jj£V! (jb (J ^\ J ‘((jjjVI o-aUj) j^\ Jji^J! 

<1<jL-U! Eg AiUall oja^ (jUaj ^Jj L_flUjax ^^sLlaj ^UIaj-aA jA jV! UjU La 

^UIU . L-iiill j! J)jjj^]jil ^^-ajj^I! j^J! qa -LajUl! E^f 1 Ц 4 (Bulk) ^ **>>'! ^ja*] 
:^a (Exciton) l_j£- jjjifU! ^ jj ^-UjV AjjikUI jjj jil! AiUa 

h v= E g + (И 2 /%пт еЛ ) ( xJR f (10.7) 


^Uail! i/r 2 £_a l-loiUjj (_^U! S ja^l! (jUail Jbtfl ^Ujj! tiUi j* ^Lijj 

c 1 ^a.j-U! cJUlU! Jjfuj (_5-L*) Ujjj^L llIj-o l/R 2 И -jj^U ^j j . ^-aja^II 

(jj j-usall jlLil! jl jl! (jA A 1 )a~v Яз jLua-o ^ij ^ U jiV 1 I (-J_5 j}J J ( 1 (J^-LU! 

Jjla-U! (^з <j!U AiiLLA ^Ua! Cili AjlsjjS Jal U ^ (Photoluminescence colors) 
jv j-aiaj JjLa. j-Q !A_i]U]l 4 >^'l J^La. j-Q ciiii ^_Э j^AJj .(2.7 J^joJ! jlajl) 

j-aU-aliAVU Ц ^^JjjJa]! JLjjjj/! Jx-aaj JjAic-j .0 J>^'l jUaj 4 _iaja^'I CllUvludaJ! 

Jjj-ajll! jUaj ^j JjaLU! (Band valence) ^jal£U! jUaj jA jjji^JV! ,jij) 
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AjjjjJoII CiUMI jl t LlilxjjbU <joij£*JI Ajlaxll jlLk jja ji (^jUJI (Conduction band) 
jl A^jujjaaJI sjLalb AjjlLa elSjjll Cila.UjjVI Jjiljii C ij-\ dPhotoluminescence) 

jjo jjjxJI JaUCj JaJjoJI j-jjjJI 1лА jl jji ^Ucjil ^ic. j . jjSI " > a. J A_lo ja£ A_iaklj 

^ijlj Ja jaJa J£-jjj ^_a.L A_j| VI ^juuaji IajI_jjC.| L_Ja_i jiil I jjixJ JJ^VI ClVlclijil 

t_Ja_) aJVLL ja ^JI jjlail ( jjoL-ljjV I ^jCajj ^^iaxj tAjJJjaiiil 0jLiill je JjiLil 

. jVLkjVI 


Other interactions 


j j^S djbtclij 4.7 


V j ca_LI (jLlaj (JLluj A jjjjaJI jsLLjil djjJjaui jjLjaajil ja a^uuJj jaaj 
t jjojalijil j-a Jjjjiil LiA jjji ji t_jjjjj .(_£jal CllVlclij jLucVI jJ*J -iaVI jj C 
t Lluji ttlh J tll e jjjiliil jj .CjVlclijil sJA ja А_ 1 лА| jiSVI jSili jjjui j£lj 
jLjJiiil Jailjjj . jLiiLxill jLiliiil LaA Lajlj <1 «nj«i julil jadl jlail jjiliS <<ijiaJI 
. Jj_-_j jill jUaj j jilSjil jUaj jjj JlLiiV I t’’ - ' L-Ja. Clll jajil jUaj jj jlij jLiiLxiil 
(Transition JUijVI “U=>ij Jic д 2 Е/дрд q jl LalUa AiLxiil Д1&11 jjxli c^-al jil ^jj 
jjixil j-a jjj<JI =. jail jjjji A_ij5 J jUaj djLuia j I ja.1 ajjjCa ^ ixj I JA j .poillt) 

(Angular Ujlj L<C.jl kiajl AjjjjSlVI ClVLaJI tililai J ILa .Jla_ail lj* j jiajjl 

Jii-a jiiU CjVLcUj Jjj^aai (s) (Spin momentum) Uj4j-U Ucjj (L)momentum) 
(JJJxjji JcUi jU Ij£a j .AiUail CjUjJjojo ^ ClVUjxj t _ jiil (LL.5) jlj-a — jiJjii 
UjIj LaS . Ujajl CjUjjjoiaII ^jjij Jjxj j tSjLU jaj-alil Excitons — il 

jjlUi (Electric susceptibility) AjjUj$£ 1I Ajj-uLotail jU t_j-a ji j£ Jc-Uil АииЛ AULiAil 
^iaj-ull AjjSji Uiajl A_j_aLa А_ 1 лД| aJ U-aj . CjU jlljji-ail Jjxj t(g) 1 1 ajjJa-ail (JjjUil 
• AjjijjiS Ajjj Cl jjil j-a jjjS =. ja. ^lc ajixouall A-aja-a. (Jjjaj t ' 'j AjjjSjj 

Ajjjll jc. Aalia-a ^Uaj-il <tUj l^j jLxjj Aj-a c-aLil A Ua'tll ^iaxi jiil 'i jLail jjS Afl-Ua jl 

. Aj j__ajil A Jfll lia-ail A L . .. d jjjxjjl jjLU jxjl-j tAj-aJj-uail 

^aaa. j-alflj jjxJ - flj£ UjIj AjjjSil Ajuja^II A_iafljil ^ic ialiujl! Liilj-a ja 
t-JJ-oJj t h CjU jj-.<NI AflUa tjjjU jJuua (< 6 nm) Aj-a j-aS AfliaLa jl t fljjJajjl jjllil 
— jjjj^JI ^jjilj tExcitOlt — il ^Liil ^JflJ tiiiiS ,1/R“ ^x-a Sjaflll jUaj ja LaUjjl 

^UjiVI jli IflSi^j . 1/R < jjxjii jiil AflUail (J jjj-u-ai ajlxuua A_iflUcal A-aAUu-a tt__lil 

Alajnill iaUiii (Photoluminescence) jijjJail jiLill j-a iaaVLall j j-all ajjJall j 
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jjjlj ^Jc. AaLoi jA (2.7 (J^uoJl^ (Jj\^ а\ 1 ^Э 4_aL^A]l ^al ~ч -чУ i djli 

jA JaaJ-Loll ^ jjCall jfcll LJjjj .(E^-l/R 2 ) Sjaill (jUaj ^ (Confinement) J>^J1 

.^Ш! S ja-al! jUai j^c- jsl^lll JjLIai (Jj jjj^Vl 1-A.iic. L_iaj jjjjfUj cL^j! SjIc-I 

.Sjaill (jLkj ^ ^Ljil illliA Exciton — 1! Cja.j jj^j ^jla-j <jl Л S jLiVI j-iabj 
^^aja^II j^^\l jl VI CAJJJ^I! Aj-oja£1I 4 LiVill (Ди -aali! ja c-^uoJj liCjjuj Ljj! £aj 

cbtjVI (j£-Lj J ((J j'uua^ ^jljj Cxj j! c(illujJ (jcL^.1 Cxj LiJajl Jj-aaJ j! j^AJ 
£JJJ Ц aLj'iVI dCA 4 ^.Uij LiJaVi ^Э £JJa] 1 0^_i]l j]j • (jdl ^ **i.ViA (J£juj (jl j! oj£| 

Laj Excitons — 1! ЯИа. illi^j cjajjjjjuj Я1 с1_ха ja. ^ 4 j J ja*_a 1I cJja-Vl j^aj 

Cj^aj ^Э JjC 4J (jjdl djlc-lij j^iaj (j^ x'jj с*\\л^ Ljjui^li .l_ 1 aj\j£ Jc.lij illi ^э 
оСД ^Ja~\ jj . jau^il jj_*aaJ c." n^k A_1 aja£ 1I ^aJai]! ^Э Cll! ja_all 4 aLa'il j Яз1_1а]| Cj\jjJjula 
C lilajjlaj jjjlaJ Ajc> AjaAI j!i£l ^Ju-aljujj (.4 LiCVi CliLaj! £иСэ ja LJU. Cj! j_£j\jjll 

Cjljjjlj ^-Э jl j tlCC-lj jL-a ^ajA^ll 6 j^-^1 jijAUA jlj LaJjujV . l^J 4_x-aLaJl "ь jg_a.Vl 

.AjaAVI AjIc. J ^gAJA^Il j~4"\\l 

Ia cJLaI Ajjj-ailj Ajjjjj^VI j-ajL-aiJl jj»j 4)kf\ jjlaj]| £Э1Л I СД jj 
jlajj ^Jj 4_a.laJ! jj*J ccCCxja Ajillij jjl jlaJ 1 g а-\л jjjxj (JbLd jA LgJ ^<\W j 
jl ^Jj liA jjdi jl ^a\ 1 jA j . <aiji_A jjiij jjl jla (J^La. j ул ->*ч*ч\1 jjjxj] (JjLuj j 
^Iaja^U 6JJJA jl оЛ j a 4_}jj-*aJ jl J_ljj jjilj (j-ajL-a^. ^a-Jjj (jJ 1 ^ajA^ll 4 Li4 1 c!ja a 
(Ja 4_1aI£ ДлЭ jl ^Jj SjUVI jCaj ciilj] .<1и-а ja c. <u*Vi Ajjjlj С1з! jjli AijiaJI 
'jjjjA AjjjjJajj^ (j^ajl >/т\ Ljajl jiajxj ((__JAj]! (Jja^ Д, )УЛх а\ 1 Ajjjl_j]l CjLAJjuiaJl 
.C^ic.1 Aijj^ajA]! ilL jC. La Ла. ^Jj 4 q\'j4 a J_Jl (juLa. (JA iilij ^a jij Lg_j£lj t^LCiAbLS 
Цд jA (_gijj La (Jbid. 4 L^jaII c. Aja ja£ 1I Jalaj]! jjiij jjJa ^Jc. j£ji ^-i jjujj 

.J^ill 

jAjJI Jijjla <L-a ja (_ *<U«V) Л_ 1 а ja£ Jalaj ^xjiu-ai] lc. jJau JJ^V! jjJa]! j ул 

.(Ion implantation) CjUjjVI ^jjj ‘(Epitaxial) ( jAllj <■ (Colloidal) ^jjjiJI 

4 CljLAJjaiaJl »>-\^i (jixjj Laj3 L \я i>s " i Jalajj 6 ja Jalaj jjJall оЛА j ул Jijjla (J£lj 


c__liuj jjj AjjjIj Л -iAjj JijjJa J "Epitaxy" (AjjjLI! 4)а*п\ 1 jl ^ ^l'mjVl) A-Jjijll ^ ^ 

.AjcL^.1 AjjjL 6 jj£j ^Jc. Я_р!_^.1 cjjl jjL j)A c-Luic 
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4_L*Jj .4_iajj<i£ 11 Jalaill oJuLoll AjJIc. JLoj Ig 'iSl j tl^c. jjJj cI^jjjjj j 

^ll V ju-a j (_Jj1iuia]| IJa jj^ L-a ' (J jj c Lu-sajJ djljil jJjJaJ jl 4 la^bLa х>11 j-o 

jl ^aC.jj . il j -лЛ (jjSC ^-2j Ajjoilllj AaaAVI ^IL Jjq! 6(_£jJAjiLll (A** B 

4i! Vj 4^Я1х-га1л AjoiaLiA ^Лс- 3jV! jlail) lc& jja_A cJiiAj V dlli 

.^jjjUl! djL<ujuiaJl 4 L^LLaI J-o^kj-uiAll djlji^l cIa j-o Lcc. j£Lj jl мкл\\ j-o 

(Transmission ^gjjjj^lVI (ilijll) JliijVl 4 jj£j>a ^ djljjVl алл JjjI jl 
сЯла ja£ -LLail 4 jj 1 4_jLjj_u! cil j I jjj^j ^^Jaxj (jill 6 Electron Microscopy-TEM) 
L jjj! j (Scanned Probe Microscopy-SPM) ^c-ujLaII (jA>-<ill 4 jj£>-a ^ A^jLill obV! j 
-02k Jl Ja .1 (Scanned Tunneling Microscopy-STM) ^ju-JI 4jj$^s 

(Atomic Force AjjjJI SjSll ^jj; 7- л j ( — U..iVI Jc. Jaliii Ajjj S jl y. . ..I cisl j jj^ 
.Jaliili “bjjS 4jjjl <jliLjl Cjli jjjjs Jc. Jjj -даЛ Microscopy-AFM) 


Ajjjiil AjjjUI Jj'jjU' jaj 5.7 

Colloidal growth of nanocrystals 

OljjLll j С1 гу1а^э^а] 1 . al . -V.V 4 : ‘, vw\l 4 j u jij]I j 4_ii jji£]VI j ^ ;, l . ai II jLljj 
^LL d c L)-ajl х-оЧ11 oU 4_uiljJ ^La-uiIIj .Cj! jjLI! ) JJJ^ -l^. ^Jl Ajvte а 11 AjjiLill 

L_J ^a ;l_i£jj jl Л (Monodisperse) ( L“ Ги*п 11 AjjU .1 Ал_1±1а11 ciilj AjjjLil! djljjlJ! 
AjjjUl! diljjLl! d-na. jj£i jl djjjuiill 4_pl_^.l 4, \\* \\ )\и «^ILlaI! ^-dalj (jjjL 

<1U ^Sj .^Jajuill g.1 jajS j 4 jl^l л!1 4_iijll j jSx-jllj ^u>a-ll c*’ n«\ jj jjaxjl! 1 g к-Ч» \\ aJjLaa 
Д - jjc. c-_L-a jl ^.w'u jj c^LiL LjaLLJa3 ''djluiil! (jjU.1" t_^jj*j jjfL tAjjjLil! cii! jjLl! 

c cjjjailill CjLcU .1 Д_>1лЛ dicl сз j . jiaall ( 5 j-Q JbI ^Luij l_a! ja_i! £-a 
,^jj£jj11 J j^jjjjjII Jjj!)lac. d£L^*j ^-a ^>аЛ ^ ^SVill djcl 4 \ jSjj djLlja.1 
Jalaj ^LijV c ^jLajSII jl c^jjjxll l_u£jj 11 jjla UJ^ u' Lj*j-uia (jjjjl 4 jL ;!c^Jj 

. lc. jjCu JJ^V I AjlLil! dj^L-a ja t flL-aj! j-o 4ла ja^ 


l^J ^aL Luj! jC ^J ^Lj-IJj&II U L-a'l Ajjjlil! dlljjLU (J jjxl! L_1i£jj11 ICja ЛУи J 

Дх. ja-na Ajjlil u*V! jj-L -аЗ Liajj L-ia. j! dij^Jal ^^lill tDinegar Le Mur jl»j\p j-gjI 


diL.u tl ->ll 4jj jj^j j£\ diidjll <1L ja monodisperse colloidal ^jjill jia.Vl diidjll (*) 

.(Jc-lfljll ^jjjij (JfLoll jjjjij t A>ad! ^jjji LJ 4ji*-oll 
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CllLjjC. (Jj^juJJ oJja. J-<Ji (_£ jil! СЗ-^ ^J L e^^-laJ У^Ч ^-C. JfVo (J jill (JA 

<c . juj с <a^)l j£il jia. cAjIaxII 4-ujjL(la]I ^^9j ^»(3.7 ui't) c** nVlnll diLjLa.! 

^ijj Ььо t(4.7 (J^Ut) jU. (Coordinating solvcnt) (j t< u*rn <* t пЛа i jja_uLA s.lc.j 
AjsI£ Sjlj^JI <La.jJ jj^i Lo-iic. tillj jj . (Nucleation) (_£jli]l 4-L^* jjji j^jiS! 
(Jjlj 6 jj 3 ^LjjV! (Jj 3 i. .^1 jjVI £Jjola (Jj 3 (J j'^a (J^Vln J tL_Luilj^]l (J'VJ 

^l jjVI jj^JJ ^ jialikjl Jl jj j c^LlujVI (Jj3 ЯЛл. ja LiJ j^. C <>qVj Llioj ь jJu^aB 
LJUa tl^A J .(JjI^-aII ^jLa. Ajjjljll ^J-oLa-olt " jLaijl"j C(Jjjj 11 ^j^JI jj£jj]| jjjj 
AjjjLjll C!jIjj1j]I (Jj3 ja <£jL^jjuj| ^jj (jiSI (J^x-UI jjUjj L/ CjLjAa]I AiLjaj (Jaxa jl 
£jjjj jli c^LujJa Ajjjl_j]| CjIjjUI jaj jl LaJj .^jsLuiaj (Jji (J^juiJJ (jls 14_1 а',У'а' 1 
cii]ij . j-<j]l jAJjjj (_5-ii' (_£ (J^jj <]jLi ^aJJ (jiS! jAjllj LujLujI ^j£^-a ^auaJ! 
liLujl jj£I j jj£I AjjjLjll CjIjjLII Cjjl£ LJ£ <jji (Jc.li!j]l di j ojL j] <jl UaLujj 
£-jjjj jj^jjlL" oIjjVI ILfc JJ jLjJ La IjJJ^J 1^-4 ^k'L IjJJ^ ' A^Vj cilli ^ LiXJul^ 
(jj (Aliquots) ^j>^ Я]| jj jjc. AjjjL CjIjjL ^1-ч^ 1 j-o 4 _SjjLj ^cliii jl j^-u ."^уч-ч'1 

.4jjjJ jjI jj 3 <ilc. jll 


AjjLII jx-aLxll La'4 ^lc. (J jlajjS AjjjLll Jj| jjlJI jj'V 1 ' ^i AjjLjJI iijjjall Lol 
^uJaij ij-ijc. .(Jc.lij]l 6 jtja. L^.jj tliaj (Coordinating solvent) (j^ili mjLq 
jji 4_Lai .lic. (Jc.lij]l ajjjj (jj ^juj L^j ^Via SjtjaJ! J_a.jJ ^^3 ojLjS (Jc-lijS! 

.^LLVI 
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(Jjjoli-Q ПЛ^ 

350°C -150 °C ^ 


. AjjjU CjIjjL jUSi^\\ ^y-uSjJ jl^A 4.7 


-L^jj ^^Э ^*vMl ^JJ . jj-saai* ц£ jij jLa_aiU ^jj^.1 o je jSJjoU 

^JI j j^dl AiljJaj (Jcx-o C(J jluuJ jl C(j-Q UjUIiulaII (Jc-lij (Jjx-o c.LL jUuJa] Sjl j^Jl 

. jj^. j-o ^Liujyi (jj^ Я]\_а. (J iW"i JLilLjj c<jjjLj]| CjIjjIJI ^-Ljuj 


-ц]| jLujj djjU j-aj j jJa AjjjLjJI CjljjLJI L_jj£jj 4^hil j-Q CjCxJI jCajxJ 
jxj^al c_jji] Iaa Ul jjxu jl ^j-Caj J^Lkj . (Ostwald ripening)JI jUujl ^jjJaL 

CjIjjL -UiU cl J-UI L_llujjj clxjj tLg_aJajuj AiUa ^lijjl \ \ья\ AjjjUll CjIjjIJI 

ScUj £-q tAjjjUll CjIjjUI CCc. juaLikjl ajjjjjoill aLfc j-o ^cjjjj . JJ^I 4jjiU 

jjxjjII AjcU. 1 -UjiU ciiljjL j-o CjUjc. ^Liil ^i Ujajl л!1 jUujjI ^ jjJai jc.Luj .\g 
CjI jjLII jlaS j-o / 15 ^]] 1 0 jJJ ^ jl JJJ 'Lj] jl CjLxj j jj £_д c <LaiLuj ^э 

LgJbLa. (J£jojj ^jill ojjj-aall Ajj^jll ojjilU LujLujI AjjjUll cjljjLll jjau .AjjjUll 

jjJai (Jj1^-a]I ojlja. jllLa.jJ ^UjjI jiaj Ui]j AiluJaVU . j-aj]| ^Э IjLj (_£ji]l 
.AjjjUll CjIjjLL jj£I ^1*>*ч1 -Ljuj jIa ^lc. jj-aaj 4_aJjj]Uj . j]l jJjuj jl 
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ciiljj \a JS x*ai j AjjjIj CIjIjjL (Jj^joq] AjjjiJI CijLclijll (JjAxj j£-<u 

Jj^xj (JjLl (j-o tilli j tJ£joijj JA\ Ajjjlil! cIjIjjIJ! ^i ^aull jA AjjA (3.jV'J 

<jjoii]l ^AJojj .^Jl . . . (Jc-LiIa]! jlilklj oj! j^J! L^jAj t jj£jj]l (J!Lq (Jc.lij]l cIjIjjxIia 
ca^JI ^^ic. S jJajjuJI (j-o ^jj-aj (Surfactants) ^.^.За^Л jjji3! Л j-gj <1с.1д1а]| j! jaII jjj 
(JjHll (JjLl b jjiu-a (J jj (JjSjoJ ^aJajuJI JJ Jj]] AJLxJl <Jjju] 1 j-o ^cjjj (JLIaII (Jjfuj ^^АхЭ 
jj jj]| (Ja! jC. jLik jli ccillA^ .jx_i-al 4jjiLi CIjIjjIj (Jj£joij ^\\ LiaV (_£AjJ (^gil! 
jj jjll (Ja! jC. jj-Qj j ILa .AjjjUll CjIjjUI ^i tojijj 1 1 i>ajl jjj^_J ^aJajuJl 

j j V J (J-o*j Ailx-A Aijla (JjSijiJ AjjjUl! CiljjlJ! ^Jajui ^ic. (Jjj^LxIa (J^-ujj ^^g-^Jajaill 

Jajl jj CjjIj jl£ 1 aKj . (J.Vjx a j-dj jjiaj jc. jL-aa cAjjjLjll ci! jjlJI jljii-ujVl 
^gjj ^ •чЗаиЛ JJ jjll j j-q AiL-aj (Jjx-o jL£ ibllc. ^Ja-uJ! £-a ^aia-uJl jjjjll (J-ol jC. 
Jajui jIa J ^jai^. Cj!J Ajjjlj djl jjL cilli] Lxij ^jjjj . LuaAliA 4 К>*Па' 1 AjjjLill dj! jjlJl 

ja j jjijjJ ^aJa-uJl JJ jjll (jol jC- (j-o ^ 1 j jl ^l ЛУ*нл! j£-aJ ^lb ^l AiluJaj . jJx_i-a 

^Jj J£aL (J-oljxJ! ла.1 Jajjjj Lojjc. (JL1 a]1 (Jjiui ^^^Axa . ^^j]| o^ljjj j.Vj»,A 

4^_jj£jj ^Liij ^Aj C jAjll ^jLui ^^ic. (Jj-aai Lol^aJ (JSI jlVI (jjfL (jJA. C5^ ^3-auill 

. La^jS ^SVJl j^AJ (JjxAj jAi (Jaxa jLdjJa LgJjLk j-Q j£-<u 

jc. ^Lill l_lujjj 31 (JjLk AjjjLjll cjljjUI ^jjjjJ ^Lg-jll (jjjjJaill jqVn 

L-JjAaV <jl ^^ic. ^Lj]! i. пЛаИ ^J jLujj Lo 1 jjj£j .(Jc.!ij]l (Jj'^kA JJ (j\j 4 -liAA AiluJaj 
jjLa 4_i£l j c Aj jiLjll cjljjUI ^3-ifcti cjLc ja-na ^ cjl ja jjc. <ic.lij (jV (Nonsolvent) 
ciljjU! ja V j c_jjAa jLl! ^ljij (j-o • cJc-LiHxJI ujjAaII (Miscible) ^ljj-ojLl 

(."iW'i ^jill AjIaxJI (jjii jjj£ ^J jA ^Ui • (Flocculation) Ia jjiL i t iu*m Lla AjjjLill 

.Aj 3 (jljjil] <LLli jJC. пЛа AiLjal jjj3a jc. (Jjla-A ja AjjjJaC. ajLo ajjL iLxJ LaAaC. 

<1о J jxj jl j (Decanted) (jsj-aj jl ^ пЛа" AjjjLill i jjlJI (jIxaI j£ja11 ajjII ^jjj 
J aia ^jj^Jl aJjILj ^Luij c_jjAa jLll (Titration) ?.Jaj jl 1 а£ .AjjiLill (jjaLuiAll 

CjljjL £_a Ajil (jj^LuiA ^j (jJjj La <jjjLj]l CjljjLll JJ^I -1 j Aj3 а-чТ dna. 

. Jj£l Ajjju 


//- V/ /'LLj ^i// uLW 4jjjWI lj! jjIlI) 

Group //- V/ semiconductor nanocrystals 

ULjll = A/ П*ч t(ME) II- VI CijLi-a j-<dl uiLuajl <C jaia jlUaaj ^aJJ 

^glill [jaLiaI! ^IaHujL ulli j jjjjlnll j jjjjiuJl tCjjjj^ll = Ej (jLjll j ^ j^^Lill j 
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bt-li. ^aj jj£LI cA AjjjLiil ClAL-ja jril i. sL_j3jl jj . C ■ — ’1 1лд 

(jj3 a. (Triggered) jxjj - d jj£ ji Я) jg >« Llij > t_j±uill i-LjIjJj 

i J (J jjjaC.“ jjx-o CllajLbal jJjjoill jiLJI (jjjla jc. (Jjjjll ^J L>jij t^laCiiYI 

.(350°C-150°C) l^a. ji-Ljj ^ jjJI Л1л. (jjujj 



Jj' - ». a j JjJjL jl jj Jjla. д fjl AjJjlj C- A&jojt л i_uujj Jjj -ал. ^ jjjli LUi a 5.7 JSLJI 


.(jj^jj) ALJaII jua Af. ja^ л!1 ^jjajjj ^jjj . (jjjjxji (Micel) * 'AJjjji (jj 

Jla AjjJxjdl ■ " ' V .' j’ v -~ ' j . .i' j jLLaj ^ L- . " LaJajj . ■■! (jiil 11 jt~- J^J Ll jjLjaj jj 
? jjjjIHI JjjJ ^Lj j i(Dimethylcadmium) л j>’'-£ll JAa ^Lj 

jjjjil Jjju (^ljjj t(Diethylzinc) jj^jLJI JAJ >Liij JDiethylcadmium) 
cj|jjjjjLj£il£ jj£i U L3lc. _ji VI Яс. jjjjAI cjLjL jjLju Ul .(Dibenzylmercury) 
diljjjjj_ j£ll£ ji (Chalcogenides organophosphine-R^PE) s j^-bxll jjL- jill 
ji Se tS = E Ауа. i(Bistrimethylsilylchalogenides-TMS 2 E) JJj.dj\;jjLjjjil 
jli Liij jisj tR^PS jji 5lx.liii jl£l AjV c 1 ijjj£ ja_jL TMS 2 S AijLi jij Lo Lllc. .Te 
jJj jLkj Vc jjLi-ji 2 t jjLaaLil %jj (Chalcogenides organophosphine) 

aL jk а1ш1ш diLLc-lijil oja jk a j£j ■ ji (jill jj . jjiil ciiLjj^ .Te llj Se li jJj^uA 

t(Alkylphosphine oxides-R 2 PO) Ljju.151 j ‘(R 3 P) (Alkylphosphines) j* 

_jjl j.dl j3 L. ..\i jj jj]i ji jCAi (juja. __iLLiiu.l j£jj ji i _ л' l ( micel) LLjaII ^ ^ 
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Alkylamines j cPyridines j tAlkylphosphates j cAlkylphosphites —11 j 

.(Jlldl J ^ 5.7 lUU! jU jl) . (Furans) cjUIjjUI j 


j TMS 2 S (j-Q UU (J1 a Д Ul'V a ujUjU ^al лУи J ^Jc (j jlo'n Jjll djbic-liJI 
AjjjUI CjIjjIJI j* <VjUI <k.lilJI jj-aUJI jl ^jj .UjUuj JjUU sJc. ^g'Vn R 3 PSe 
iaU <JjJalij J-1 *_a jjiSx'i jaiSxII ^^_1с Jj tAj] jVI CljljjUI 4 jjoJ jjjUa JSVj jjSx'i V 
l_jjJJI j jjUI jUUl ^UI j-o . (Differential rate of precursor incorporation) jJJ! 
j^.jj Aj! J! Ujjl! £jU Jdijj R 3 P0 c JUJ! (Jjuuj . Jc.lij JS) jj-U^LJ! 

(Alkylamine) jU>Ull £_a Alkylphosine — 11 ajo£ 1 Jl^iUl j£lj t j-U! 

^ . j-Ul Ja*-q Jjj*j 

Group III-V semiconductors III-V u)L: j* lJLJI 


— E <.** tlll-VAc. j-oaUI j-o InE <Uaj -0 L-UaJ UjjU CjIjjL jjlVl ^aJJ 
II- CjUx-a j-Jl U-fll brfVl ^uJaj-Q jA Ul JjUa $.1 jU jjj)a jc. t^cjjjjllj jjixUl 
[R 3 P/R 3 PO] ( jjuiV'l l bUi Cj^.jU1 , [lnCl(C 2 0 4 )] In — 11 j J j lcc. U .VI 

j-o <cj-uaUl d л^_1 JIjIujjI ^ jjJaj L_iliajjj .p jl As = E C П*ч tTMS 2 E — 11 jU (Jj^ 

AjUIc 4_njj tjUij Jjli JjIjjL jjqVil ^Ul 6 — 1 j-o jj^! ^jjjU! JjIjjLI! 

4 . jj-UbU ^dajoj ^UUj 

Epitaxial growth 6.7 

(Epitaxial growth) JJJi jJll JWJ. л Jalii ja.Vl <Ljall 

^giiU! j-Ul JjI jjUuI! j-o jjj*Jl Ш1 j A jj£j (clusters) Uc jijc. ^uUxl 

Jjj>^V4 4 j }S JjJajA jl U-i3j . j jUl jA Д-С jVlA Д-С JA~4 A) l^_J ^aUill j*U 1 J J-U 
jjjL ^Uc c. ViS'i ajUc ^jjjUjV! <j! V) cujUUI 1U uUj j* ^-^jj! ^LVill j-Ul 

jl jUj jj (ujIjjjUa оЛС ujl ji j-Q L^jUjAtl -Ч ^ jl JJJ uj! J jL jj <il_ujc. jl) 

jjij (JjUUl jjUl jj ^ljMl j-Ul jjJa ^jjaxj jA-Cajjj . 4 'n* a *ajj£j ^lc (JjU 
Ujjj JUj (Laser ablation) j jUb Ujijj UIU o jVl ujuojjj j tAU ja. U ja. 
luliUjj^ ^LVill j-Ul i" i.Kj jl jUu . Д-с jVIaII jjljUI jA (. <ajU 
uLLc JUk j-o Uij t(" Plating UUUb 1 ') jl cJjU j« (Electrochemically) 
oU VuVl .(" Dipping (JjjUUI") с' n-^CjL — jjja -ч '\j uLLc JljU j-o j VojjLll 
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Aj^li j)A . CIjI jIaJLq 6-iC- Л Cljljj оЛс. jjA l^Uui £■ j! ju 4_ioiC.l ^LiiV 6 jlc (jjjla]| 
A_uijLaa L_L^jJJ 4(jjla]l оЛД j}A (jl <Jajajl jJ fi jj£ j ^gic- A_bGj-a£ JalU ^LiiVj 4(_£jVl 
tlg ulVl й jj£ jll 46 jj^jJl ^Jj jj -л]! (j3J J^ JAi]l Jajjojj ^ic- fijJaJjaJ! (j-Q Jj£! jjii 

(j jV 1 lJjjJIj cl^j j! j^ <^.jjj 4 6 jj£jl! CjUj^ l_jjjjj j! (Crystallinity) S jjlJI 

jl (j^AJ 4<llX-Q 6 jj£j ^gJc j! J-U! 4__LLuJjj] ViiJ JJ^^l ^Lg-ill I^A сД^ j-°J . (4 a 

V jj 4_1 ajaS' 1 ialli]! j-aj ^Э AjjolIJ j]l joaaLjxJ! .1^.1 jj j . A-l-o j-a£ Jalli jl Cljlc. j-q'n-q ^cliij 

ls* ls* (Single crystal films) AjjL*.! AjjjL <jjUc! ^ лУи ! j! Vajjlll ojjLl! j-o 

.6jj£j]l ^gic- j 4_1 ujja]! jIj -Л] 6j^Jl djULLa]! (^Э ^(jjLLaJ ^a-iC. jlj L_LaiLi-a]| (jjLLali]! 
jaII! jjlaj 4а\»“1х>11 6-lllx]l j-ajooai]! j}-o j! ^^Э tii]j j)C- jjo-alij ^^ic. (Jjo-a^JI jj^AJj 


Sjj^J ic. ^! Jallij ^Vl'l j ya 4 ^Xjoi! J (J-l * Jj 4 \1V1\I J-Qj]! JljjJa ^LAjoIJ 

j-<ii Ja JJji j)-QjJa Яа1Упа (Matrix) Я1 jio-sa-Q jjiVj jj^AJ JljjJai! б^Д (JbLk j)-Qj . 4 n» -a 
^JljjJai! бЛА lIjj-I^. 4jVS jjC. (JL1 a£ A^C-jii! (jjJa]! бЛА j}-o 6-l^.lj li^Vl ! J! j . б! iViA 

j)-Q (j3J ^aAj-aJ 4 4_AJjj^J! J_Aj^J! Jjij ^Э .Ailli]l бЛА <jLia Jalli j-o» 1 ^jjJajj 1 ViSaj 

4!-!^. (Jlc. j! (Jlc. £.ljV laj^k a ^^Э 4 (jjla бЛ »_1 4 u^Liij jj^AJ (_£j]l 4Luljjj^Jl j! 

jjA c. <aj U-o ^Э ^Ja-uJ! (^ic. "^аУп" j Cll! jii! бЛА 4 ViS‘ 1‘1 6 jj£j]\j Cll! jii! ^l-lLao-al (Jj]j 

jj4 ж CjIjII! (j-o (jij ^Liij (j^-aj 4^jl_uj (JLIa j . ^lvii-a jjc. jlxjL/l ^Lij lIjLajjol^JI 

6jLa jjA (Crucible) ViLa. ^ j! ^(Knudsen cell) j>^jji£ aAl ^ LaJ! (jA 
(jaaxj ^l ЛУн J 4(JL1 a]I (JjJj-J СГ^) J J^J^-a]! j!-C 1а» x-o JJJXJ (JbLV (j-o j . 4 n» a 

^XJaU a' (jjjaLA L_LalJJ (jiVlj j)l jj^AJ 4 ^jj'jg 11 j! (jj^.jL/1 (J-L* AIaIV]! cjIjUJI 

jj^AJ ^xja' ~ч aII ~ч £.Uiil jjV 6Л1 а Jjjjjla 6^Aj .(J jlV Jl jjJai! ^^Э 4 AjjJ AjJ jVic 

Ajjilil! Д_р jVi»,'l ^ja'^a'I l_iiuijj (j^AJ ^(^JLilljj 4 jlxil Ja jjji Jjjii (J!>Ll. j)A aj ^LIi! 
j}A £.Iojc. ^gic. VLiA (j ji 6.7 (J^Li]! ^ . Vjjxa 6 jj^j (3-lc 6 jojLia (Nanoclusters) 

^-LuoiV! j)A (jjc. ji (j-ic L V 1 V 1 ^»J j)A j 4 jVl Aj jilil! (Ge) ^JjjLaj'S '1 lIi! J jil 

^al Л Vu-ilj jjoaail ^v! ^sJ . ^jjJAj]! ^Jj Si 6jj£^}]!j 6 jLulj]! (^Jj (jjj JJ^-^'l (_^Э С1иэ! jxj!) 

(jC.luJaj! j)^ij 4 Л 1'iS'l ~ч (jc. lIiLajIxa laV ^JaxJ V (_£ j]l ^АҒМ) AjjL]! 6 j^]l jg ~ч a 

.^LUxJl (Morphology) Vjja 

jjA a£1_aui JJ^l AjjoiC-I jrLii! jl^AL /Ь Ajl V! 4 A j'jVi Jaj-ulallj Vuj' l^jl £a j 
*LS^C.I ^SjJ jj^Jj 4^~чУ' £j-j!j £jjjJ £a ^ jlajoi]! (^ic. Ajjili Aj^jVic. £JaUa 
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jl^-oVLj .Lo Jl <XjLuu 4_jjjJl]l JJC" Cljli jqx^^ll C j)j£j A^Lojuj ji£VI AjjaiC-VI £-0 J 
c^ILS j 60 jj^jll ^Jajuj ^j ojill (JL-ajj Aijjla Jajjjuj .jq'n (JjLa. j-o (Jjiij]l ^jJVn 
o jj£j]l AjjjUll y/A\ jj^]j]l jj . ^ J-oVI C t JLij lij^ o jj£j]l jJ*j]j Ja jjjjj 

.Aj-oj-qSII A )-iVJI Ajj-qC-I (j-Qj AjjjU £JaL^a jc. jij-uJ jl j£-aJ 

Ig J^ (_^i!l 6 jjJlL AjjIj]I j jjJI о1д (ja j ^LjjV (J J^.1 AUjIa cillljA j 
jj^jVl (JjLii ^Ic. (jpLuJl A1 ujI£I 6 JliLJI (JjJuj LT^) <— J^Lua ja] 1 L_flU-ajl JaSLaj 
(Sputtering) <UjUj jl 1 а£ .L^jjjj ^ AjuLujVI jlj^i] (Stoichiometry) (_$ j^-ajxJI 
Я1Ш1 оЛА jLjajUI jl^ (jji (jS^ ^LijV с£«3^' AiLjIa is^ ^ xnx^ll AjjLJI j j-JI 

0 jj£j J Utijjj] ^JJjjUI о1д 4 >Vn jl (j^-^J (jj]l lIjIjJI (j* L flnSll (j3j]l ^ IU>l1 



Ge — ]l j-« AjjjU Ajj jllc- (AFM) AjjjJI o jlll j^ >a jj^ 6.7 JUJI 

JajiaaJI ^^Jaju . (jjjull ^II SiO^ — !lj 6 jLUI ^l jjjjjUI LluSl j*J| .^JxujVI (>e jjC- jj 

cO jUmLlj o jIxj ^oll AFM ]l jj^a JjLk jua JaaJI CjUhVH 4jJ jaC- ljLlum JLuJI AuILull 

. Aaall jc- Aua£ ljL» jbua ^jasu j 
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cilLiA jL£ .*LdVI (j-o -1}Л*Л jx^a^j *i jj£j3! ^Jaj-o ^Л fijLoll (J jo-aj 1 j^^i 
jjl*J ^З ^JajaJI ^ic. cJjaiil j)l Cllljil] L&lic. j^AJ сД_эЦ^]| ^iijj AiLLall jj ^ aSj Lo 
^lqL^-q j)-o (Dilute array) <iiauo <aj io-a : Lal ^s Jj£jj ^j jjj t^JaxJI jIjIqI ^jc. 
£J-aLa-A ^Э ^^jIjjoiC. Jj£ij jl (20' > Ac. ja~s a\I ^Э CjIjJII JJlC-j !.ll^, Я-<Ла1л о jjiuoa 

^о-аЭ! ^Jj Sjjj-all jJail) CllLijjfLiA оЛс. ^Jj jJjjjlj 1 j-o Jsl j)-o 1 g х>~ч^ ^^Э ^ jl jjj 

ClAc. ja~ 4 a j)j ^jJiVJI S.lia. 4 ijix^i jrtL^j 6^1 jVI aJUJI ц^Э .(6.7 lMI (jj-<u]| 
(Single Sl^j AjjjL j^L^J^ 6 j<Q*Jl J-^jL-aj 4_k-al_l. LLajjjoi l. JJi"n oJj£j ^Ac. * j)* 1 ^ 
j)jj ^JajqJl SjaJl CjliUall £_a JIjLLxq Jjj tAiJaj ^cJajojl ^-о crystal substrates) 

. <iais_Q JjjLoic- (Morphology) jjjjL-aj <jja jjWJ t!l]i j (s jj£j]!j ^ja\-na\I ojLq 
^ AjJaii-lx A_ 1 a£ cjJ^ *Ua3\ a\I (jj jla jc. Ллл j-o£ ^Jall ~s ^^3 ^SVJI jj'q Vl j£-aJj 
Jalijll dj\ ajL^il jj . AjjL A JaJ^-UI A_Uj-aVI djjJall ^Jc. ?.lajVlj Sjj^j]! ^gJc. SjLa]I 
jjl£j£ jl 4<i\j£J! JiJli Cjlj^lil! ^э L^-J ,w"u J Jjjl£-<iV *ijjj£ ч_ 1 ла 1 o Ja a_ia j-qSII 

JjjI jdc *LljalC.VI (jjj • (_£ jj\l]l Jjjl Ja\\ ^ -ftS\l C Lu-ajj]l ^Э Л)~Ч jSxlj ЛС -LujJj j 1\kkl ) 

^.^.jU! lUVI (_^Л j 4-i^ij-<ii ^ \jVi\l j-<ii3! jjla J-^l ^ 5 ^ Aj jj\_j]l ^j-qL^-a!] «п]Уп\1 
^S . \jj\j (^ljjj/l ^Jaj^ ^Э jjiJ) 4_AjL-a ^Liij Jajjj-J \ g )\)i'i ^al*Jj ^Vjl \ g ixn j^tn j] 
j! £■ LaJt.]! Ajjs. j] jijjA J;iij (jl Ajjjlj]! ^JaL^-a]! A_dc.l jjUj] j£-GJ C jjlJLaJ! \j]£ 

jc. Ло 1 аЭ U! jJjoij!) а jj jJjoJ! jjJaij iLijVI (^jLj j\ jajjVI jj\d j-o d\_AJiaiaJ! 

■(‘jA 

^jjVJI j-a_j]l ^Э _1ааЭ la.!j jjitllA ^ic ^JLaJ! liLjjai ^Э lj j£j l-jj! Ja^jL<d! (j-o 
Л -loiC.! L-uLujI ^cJjj L^__jJ j .Д_а\_*Л Jijjlal] A_ia-LuajJ *ij^3 LgiV tJlij t Aj-qj-qSW JaLail] 
jj-oj .4_а1И-л jjLoi j jjLk (j-o <lc.Lal<JI \д jj-aLjc.j \ g ^Jaij (j! j£-<aJ ^- 1 а\ a\ 
Ajjj^LJ! j J-UI £_a *j JjoiLjj 4_L-a dlli A_ia ja£ JaLaj ^jjj Lgi! Jijjja]! a l^J Sl^.! j 
jljj Lg .Ajjjjj^lVI jjL-aU! (jiaxJJ й J joiLj-q <Jaii]l jo-ajJ j! LgjLuj (j-o (ji3! (o jj£j]!j 
. Д -lJjjJaj j^^]| © j^a.V I jiaxJ ^jjo-aJ ^Э <а-]\_*_л]! (j-o Ijj^ (_gJj 


JjjVI £jjJl 4 Jauljj djA^l ЬШ 11 (jolju 7.7 
Quantum dots formed by ion implantation 

Л ja]I ^Э оЛ j^.j-q jjillL j! Lij\ )-q )S 4_1-qjaS\I Jalii]! j-gj] Д,\)Л)\1 (jjJal! jl 
QDC — II Л j-o (Quantum dot composite-QDC) 4jaja£3! VJaiil] V_£ja3! 

.(7.7 j&J) ^jL-a SjLq ^э (kV олс.) aj]L*J! лэЦаЗ! dili dilijjV! ^jj ^ijjlaj i^Lc. 
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^iiii LgiV QDC ^ J-O ^Liiy ^ ]j-ail iijjia]! CjIjjjVI ^ J j 4jlx>C. jjj*li J 

Jj I j^jj .4c.j^i! ^gic-j (Spatial) а^1£а! 1 ^^ic. ь j la u 2 l£ t^jjj-U! uj/^I 
^ QDC !! U j-q ^Lw'ui j£aj c^i jjV! ^ j j!l Sjjj-iuj ^ aJIxII i_ijla!ijVI i-f.jU! 

^alluij . CljjL-a jaI! L_flU-aj! ClA_ljjjj£lJ ^ij $. J-Uall Alic-ljl! Uj!j jjU! (jiJ jljli Ujlajjiaj 
cisljjjj ^clijj j! ^jjjV! £■ jjl! SjjjjjoJ j£aj ^ ‘jjS :^ic. cJj-^a]! I^A J 

. £ jjJal! д_л jc.lijj j! лЛД д£1! -Lalij ClAjjj^i j£aJ l QjS ciili£j i jjj£li! o-li^. A_ 1 aj-g£ 


.LaLaj ^!Lx_a!! 4 ~\ *-ol j ClAj jjVI ^jj (jjjia сЯ* QDC U j-a ^Liij iijjia jj 

(. sja t ‘U-^V^I l£!Lj j-o <. L_^ai j-o ^jjL-o ^ jil <а!1£л jjj! Д_л j^, 4_i^jj ^jj L^_ij 

a^-oja^ Si -Lalii j-aj jji^li ^»j jlii -ла .(Si0 2 ) jjSjL 21 aiu£! ^Li to^Lc. t^_^.L^.j 
UiLalia uic. (~Ю 17 ions cm’ 2 4c.j^i!) Si U-jLjjjI ^jj i-!ax«ljj Si0 2 U-jli ji-^o 
jjfLiLuj Я^1 Sj ^gic. SLaIo 0.65 pm-0.75 pm 4 £Lajuij Si0 2 iifLa ^ 200 keV j-o 


lL^j Sj! j^. UjL^.jj uic. Si/ Si0 2 S ji£jl! jjUi ^IL t^jjll -isuj .(8.7 l!^!!) (100) 
jia^j) ^Lfj^-V I c. a\i*4-o j-o Si ialSjj SJja. QDC J J- QjjSi q£»j ,1100 °c Jl 

.(8.7 (JSjoJI) Si — II <aUaj 2x.j^. Jc. lilla i_iajii (60 A-20 A Qjj ^jIjjj 

jd]j Uj ^jj^-VI 4 .,Sv,VI ix-jiLo ^ ^lc. j.USI Да]аа Л ISlA ^jaajaj jS^jj 

• GeSi j tCdSe 4 GaAs — II Jio aJUoII AJajVl ijjaxjj Ti j Au 4 Ge — II 


0 200 hev 



5 .4_1л j-o£ Jallj j-L -л] Aoilf' AiUa j 3 jj! £jj SjjjxuJ ^Jajla£j j-Uajj 7.7 Ji-uii! 

(JS/ln jl 4_if.L^.j Sjj£j <c.jj ^LjILc. AiUa (ji jjjV ц^з ^ <>jS 
Ac. JJOIJ ilialia Uiij L_flj-uj to jj£j ЯзЦэ ji jjj! ^ J j^ LoAic. ?4_ia j-a£ 4 laqj ^з! j!l 
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Aijjlaj S jj£jll Clll jl £a CljljjjVI ^a-lLauuaJ e_fljjoij .0 jj£j]l £a (Jc.li!ill (Jbl^. jA £jjj£ 

cju,nj .(kT = 0.025 eV) AjjI jaJI aSLLII (JA L_JJJ5J Яз12а ^JI j klj ^jla. AjjIjjoiC. 

£a <xJjobQ (jj^ Sjj^jl! ^-Juuaj jl j£-(la]| (Ja3 c JjVI ^jjl! C vWl <j jJ-i > i < all Jajjjui]| 

j-o a_ia£ Ajlij l^ja ^jj ^jil! aJUJI ^l ^bJjVI (jjfi j^Jij . (Dopant ion) AjUiyi jjjl 
jj.j]j ^aJJ ^aJ j-Q .6 jlc. j^AA jA La-o Jj£! ^<ij<U-OA\l^ (Jj\*\ A ^_^Э ^CllLi jjV!) С_з1Ла]| 
jjjj]| c 4 jaja^\I 4 LiVJI (Jj^jujj JjVI Sjla^JI jjjxlJ c-LaJJ <xj2ia]I (jj3 Sjj£j]l 

. ja‘JI J 


jjllUl j-G 4_iAj-aS JalSj 

SiO, 

Si(100) 

4_i^Iaj <2 jLuflu» ^2 CJLuli Si ^ JUiuluJI ja 4 jaja£ Jalll] ^j-JajC jJaS-2 ^Luajl 8.7 jLul! 

4j<j ja£JI JalH]| CjI 4j^j\ jjji]| JLuJIj ^JljuJtJI l_ujjj]| jl . ljUjjVI £jj jjC- 

6 . jjjLV L-u j ^_yi ЯС’ jj j-a Aju»ja£ JalH] UjIj jl j2jjuj 



^_^Э CuUjjVI jjJJJ (Jj2jj Aijaj^a-Ul ^_^Э Д_и Jjl ^l jjV ^L^Vl ^Э 2aji]l I2 a jl 

ц^Э jjV! а1л jj£jj j tjjli]! (JbLkj .(< 20 A) ^auaJ! ojjxiua ^ajA^ CuLaJjji^ 
SJj^jaI! (J jj]l J! (J jk! j j-q <il-»Jaj лУп*ч j^AJj c jjj!il] j^3! jj£ jj]l jjJ (Jj\*4 a 

Jb aj ji oj j^. 4j^.jj Aic. " j-<ij]! <la.jA"j "JjVl" <_£ jL]l !1 д c.“ vwjj I2a .2а^э 

.500°C 


^]IjJjujj! ju-iaj ^^-guujJ Лл1аС. (J^U. j-o ^"l.W'i ^£l! Jallj j-dj j-o jiilli]! <la.jA]! 

л11 jLujj! ^j^Jaj jl .Juuail! !1д jA (JjLujj Cuij ^i 1 g Aj,Vii ^J ^jiJI (Ostwald ripening) 
C^lajj ^iiVi Lg_&l cAjI^jI! ^ ojj! i£ ojJXuua Cliljjlj (Jj^juii LgX-Lk ^aJJ <jill 4 _i1axJI ^St> 

i jjil SjLjxjj .ojJXuua]! CIjIjjIj]! L_jluuia. ^lc. jj£! (J£uaJ J-<Uj 1 g j a (JjL ^ЛС- ^LjjJjuiLj 
t JJ^VI CIjIjjIj]! jaj (Jl^Lkj . jj£V! Culjjljl] "jjIjJ!" <jL1aj ojjxuuall CIjIjjIj]! t—fljuuaii 

jV LjjLiL aJaxJ! juuxajj .ojjxuua]! CuljjU! jA L^Jj^ La л ^3-ii a\I l_a jv'uji 
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J-usaaA jA LajSj «Q JJ* k-alt djl jjlJI j-o ЯШаИ 4_i^U (j-o jj£! Д -LjaaA jJ^Vt djl jjlJI 
j-a AjU ( jj£I Я] jg-uJ (J jIjj Lg-jV (_$!) 4 0jJJ^ ojjiu-a CIjI jjL Jj^u Яз11а AjsAj ja 
^J a-ui LsUa l_£J.j3 (j!) bLijJaSJ jj£! ©JJJ^3! CIjIjjIJI qj^j <JjljaJI 1 £jaUja3! 4_i^.U 
. ААлЗ! ojjj^j ojji-k-a CIjIjjIj AjjL J^VI j-° ^U 4 4 j£j^. 4^_^j cj-° uiHJS .^^jjl 

CllSjaj Ijj LfjUI AiUall 4 JL 2 ». ^Lj (jl (j^-oJj 4 0 JJJ^ ^Lui Яз1_1а (jj^.1 4_i^U (j-Q (Jjjl3 
^i jjiUI jU iUljluijl ^jjJajj Jj.W-q' 1 jLoojVI ^l Afunlbj 4 ojjj£ CIjIjjIj Л 

oc £ Ajc. JJJJtUI j^AJj (j-® j!3 (_£ .\)*SMt J.wlt £-a l_LujLjjj 0 JjilSI ^a'N^k Ja-Ujjj-Q 

aL^-j! A (JjaJj 4L_LuiL1a]I j-oj]l jA t 4 ClA-AJjuIfJI jlaS 4 jb-aj jA R C П*Ч 4 (At)^ 

jjL^. jjUjII ^3j a uti AU Lol .A L-all Cjli jI j-UI ^ jj ^a -Ujjjj ^j]! c!ijIjj]| ja 4_C.jAf-Q 

La-q 4 (Asymptotic region) <j jlLa Я31а. ^l Jj-gj Ul jlaijl ^ j-^ cjU 4 <LjSa Сз1 jja 

jLaj jjjla jC. j-lL jl j£aJ 4j-qja£ ^Ja^j (^k-a^LO ,wl\ jila-o .W. Aj^j ^ 'l»j 

.(3.7 JLiJI jbil) Ul jl^jl 

jA cIjLaj-ui^JI ~ч Lj.Wjl QDC (jjjL j jjjVt Ac. jf. jjj jjUU (J^.ljj]l (jl 

(jja (j jj-ui-c (j-o Ajjj L_fljjai ^jjSI ojjjjui (_5-^ (jjjVt Lcj^. o^Ujja . I ^_л Luiajl 
CIiLaJjuI^JI Luljlfl (jli 4£Jjulj]! (jji] Ajjj-Ul Ajjulj]! jUjjl £-AJ .(^jjjVI £-fuij]| 

AiluJaVU . jaj]!j (Jjjj]| £.Aj3 *L^.Luia oAavj cj£] j&\ CIjU jjI -WjJjui AS^ ^Luiajl U jjjjui 
4*ojjj£ ^al >^U Aj-qja£ Jallj (j-o Aj-o£ Ulajl 0JJJ (jjUj]| ojl j^. <L^jA ^lijjl jli 4 tii]j (^Jj 
(jl A la^, jLa (jUUI (j-Q .AjSIc. ojl j^. daUkj^ Lic. j-aj AjIaC. *j]t jLuijJ ^ jjlai^ 

^gixS .Aj-oja£ Jallj ^al ^k^kl j-o ^Jtuuilj <C j-a'N x> ^cjjj (jl (j^AJ ‘iLLS L*jj (jjjjjtIlA]l JJJJU 

ions-cm" 2 (j-o Ge + icja. j-* cIiaj (^t j ^Ge ^! -Llij] jl (jjj*.U3t .Wj 4 JU-UI Jjjjj 
ojl j^. <LfjA Л1с. (jjL LoAic. '-■' 50 A (_^1 J^ Lg_i3 ^£11 A iaqj ^a^k^k Ja-ui jJ-q (ULj 1 0 ^ 
4_JjL La Jl (а-Ч^к'1 Ja-uljlo 1 000°C 0 jl J^k. CllLf.jA Ajc. (jAL]| ^jjj (jj^. (_gi 4 600°C 
(jjjl AC JJ». (jli 4 til 3 i 2 _A .200 A (^j Jj-saj ojJj£ ^k ^U 4_1 aja£ Jalij £A j 80 A (j* 
Ajaja^ Jallj JAUj ^j (jAjj Ю00°С ijc. (3^.L/ jiL ^a 4 бх 10 16 ions-cm’ 2 (j-o Ge + 
. ^Tk^l! 4." n * jj <^.jA (^Э jjal W ‘il £-*j 45 A ^Tk ~ч JaujjJA £-a o.lif. 


^jaSI jLgJaj ^gJj CljjLuajA]! L-flUuajt a! ja Jj-«j 4 (^aja£II j-s^]] A y j\ 

(Band S>?i3! (jLLail l3jJ ^Ujil Jj AiLja'VU 44 auL> 1 I (jUaj]! (^jJ (Quantization) 
^jjaiI£ 3! .jjL^i j (Si) (jjSjUI (j! 4 JUa3! Jjjuj (^lc ‘(^ixj ciUij .(jju^aJI gap) 
1.12 AaJjui^. o Jf -Э liUaj (^JIjj]! (j-U. La^J 4 Aj-qja£ Jalij] (jU jjg A‘i (jUaLa LaAj 4 ^CdSe) 


319 



AjJJa]! АчЗУа]! oLVl \ Ag ')A D J^9 ЯзИэ £ I j3S J u^j .(298 K ^C.) 1.74 eV j eV 

^^9 oAiLq jj-a]! o2a oAjjill Ajj-aLkll оЛД cj]j • ^^iJ^Ljlqjj^II l QjLiII ja 

•L^jj ^a ^_aja£]I ^->^21 ^lc. IjIjI Si QDC «jlj-a jg 3-V i . 4j^.j]j jS*WI dj\,qj)W\\l 
ajlj^. < Lkj«j ^Ljj! u^l ^ Jalaj L$-i3 j-dj (jl ^3 j!1a1I Ja ^ji]! cjj^lill Sjl j^. 
Яз\2э Si ^ll Jalij] nVi c950°C Sjlj^. *L^j-^ uj^lWI ^xj j .(9.7 cKdJl) jj^lill 
U^jj tjjll 6 u4*r? cs' ~ 1-82 eV ujLdi (Photoluminescence) (PL) ^jda jjlLi 
; л>^ ^ ujjxj ja ^-flbLlkVI I2 a (jaljjj «"“1.65 eV PL LiLL 1100°C «jjc. jv uWI 
. 1 100°c Jjc 30 A Jlji J 950°C Jc. 20 A > Jat > Si — II ^ ^Lii 



(nm) JUall 

Si0 2 U Si — Jl > (Photoluminescence) >jJJI JilJI JJai 9.7 JiJI 

4 ^jJI >) .1100°C j 950°C >JJI a-j (400 keV, 1.53xl0 17 cm 2 ) 

.(f Ljjil] a \ I ца jiL 

. QDC \! j! j-q 4_ш LujIjj] jj\ j-® Ldajl diL jjV! ^uu u^jj u qSa i 

(Li) ^ jm\\ a_ia ja£ Jallj ^LjjV djL jjVI ^uu Ал_а\_^. ^ jjl^.L]! ^лУнЗ 
A ЦЛ Ja! Jaj-ujilAJ Li ^ajA^ Jalij (jS2n Ц .(MgO) ^jJjuiI*-a]I ЛиЛ\ (Jj\ ц-° jj\^u 
^a oLa ^ill Jalij .700°C -Lc. (3^.V ц)*Л £-aj 30 keV LaLL dj! j Li LjLjj! ^ jjj 100 

V] .bcc A-iAJjuL 2 k A_fjj Clli лАлк J^a ^ Li \l л j^. J ja ^с.ц]| ^ic. tAjjlc. JJC. fcc Ajjj 

.j! jjj^V! Aj3ja л! jaI! ^Ljjil q\l jA .jjj-aj ^ajujjQDC \! 2ja ц-° ^ljjVI аЗл j! 


320 





GaSb ^Jc A-iaj-aS <Ualj JaLUV ^-ujLJI ^jjjIIV! j£a-aIL ajjj-a 10.7 j£<uJ! 

j-e LujjI^uj Lujjj Jalilil j^Jaj .500 eV (jjjl AiUa c Аг jjAj! jjjl M-uij-ujjj AuaIula 

ujjSV JjILLI jjjjUI (Insets) CjLLuia-UI j^Jaj j .jjjVI 3iUaj ^jIsuj Sjj-a-a Jj!a 
.(4 u£jj^VI AojLjjill 4 jn 4*\l| j-4 j3L 5 ^^j-UI j-<a) . j| ja 4iLuua 


(Ion sputtering) "aujjjVI <Jo jL jll" ^ jjVI ^ jjll j>o j^! cJILa j 

^jjll j>o ^jj ^5^ 4_jjjjVI 4_ujJjujj]I .4_LQj-a£ Jalill o. jju jj^-uii] 4_j ЛУип! j^-aJ 
jA 4_u J^VI 4 _uj jjuj jll j ^jjjVI ^ jj]l jJJ ^uujJJj]! (jjill J .4_Jaii-j-Q AiLIaJ j^]j ^jjjVI 
^L>i ^Jc. 4 _iaj-q£ Jalij j>Q Sdia. CllLji-ua (Jj S 4 u£j-q j j-g i." Ui.nl 4 _uoj-ujj]I j j-q jl 

^rLijl j£-o-UI j-o 1лд j» ~4j 1 keV AiLLj Ar ujLjjL S jj^jll ^Jajm l Aic j .S jj£j]| 

^LJI jljiluoVI ^аЛС- ^ )U>i > tii]J i.'4Kj .(10.7 (J^lll) 4 j-qj-q£ JaLj j-a AjjuiIAui dji_9jij-a 

^Ja-ui djlji j-daau ^JajuJI jljiiooil ^аЛс ^ 1 U>m .4j3Ua]l jja.jV! LjLjjI 4_д ja, jC. 

j jJail 4_u-aL^J ^^aJajui]! jlL'TlVI JaJJ j^-<Uj . Cu^J-ula jj! jLuaj! S jj£ jl! 

duL jA Z) d_na. ( l c = 2E д/( 2Z)/ E ) — j oUax-L! ajuiIauJ! 4qjq»-a]' б/ с jJ! 

. jjjVI AilJa Zs j jlLViVI 


Further reading ЯйЦа! ЯлЛка 8.7 
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Questions AliJ 

Sjj-aa]! ^jla]! Ajj-aLk ^ЛУи J i 10.7 (J£-ui]l ^Jc. .1 

. ^^^JajjJl jl JTnV 1 L_lLai^J jj^.jVl jj-J 
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С^а\ 11 ! 


UjjUl! LjUSjaII 
N anocomposites 

^ . (JJ CllJJJJ 

. Aj^bjLa i j jx-ullj i jjSjjA jjj?- <*-oLjj jlj-ill A-uAjAj jc. ^joi3 


Introduction 


Д-.Д * 1.8 


JjLVi SjjxIo jl jji IgjL Nanocomposites Ajjjlill CjLSjaII Jjj*j 
jj^jjj .J 5 I jt 100 nm — II Aiij jji JaVI (_Jc j^.Ij jxj jj£| jl j ^.1 j jjla] L** п*ч 
. jjjjla j-A Ал^ jljj£j A_ 1 aAIj CIiajojjI ^j]! iUjJjlaj <_£ J^- ^ 5 -^ Ajjjljll C 1 i\j£j-a]| Uax j 
J^lll jlajlJ 4 j**mj gd jjl Ajjij 4 jjj 5 Lia]! \ gjjii c." j - 0 ^l j-o]l cillj l ' ч \ \ j^ajj 

Ajjjlj dl\j£ JAJ (l_jJ 4(Jjj11a]I Ajjjlj AjjLiIa Clllljia Cllli AjUL Ajjjlj Cj\j£ja ^ :(1.8 

c jjjUa]! Ajjj\j j\Ja3l Cllli (IajaC. 4qLi^^j \i\jjJa3 jjLaJ^j Aij^-oA j- 0 < a]\jj 4 iLa )*ч 

^lc-j . cJjjUa]! Ajjj\j CjLaJjj^. j-LaJ^j Ai jLaa jA jj^jj <jaJjui^. <Jjj\j L1 i\j£jaj 
^ gic- jjijj cjl Aaajj»a ^Jjj\j]| Cj\j£ja]I j-Uj^J j^-^ i J j^V! Ajjbt]! Cj\j£ja]| jljC- 
CJjUaI! jljIaVI tji]j CjLjjIIa cJ-oj\qj j\i cil]j cj-° JJ^! . 6 j jilA U jl jL! j-a! jk 

^jjjjj]! CjLajj]! cj-Q J .UU. 4 UtiNA Aij]\j jjc. c J-a^\ ^j (j\ (j^ - ^ jUUj^U! 

^lj jljIaVI ^ jlajj]! Д_^. 1 ла] Sjjj^]! <Jjjj]l 4jjj\j]l jj\j£ja1] Д -aI^J! Ajjj£ja]| 

ljIajjj^. ^gi 700 m~/cm 3 Jj j\ ^-jaj]l oj^J j^-^ *(JUa 3 I (Ди^ c_ 5-U • р >^\1 

cJjUj 4jjjj c^Wjj cA_ijj\j]l Lj! jaj] jJ! LIiIj^ja ^j i'ia\L/ I LjU-iLjj cj, i)I*>\l JLjiLji]! 


( ' Robert C. Cammarata, Department of Materials, Science and Engineering, Johns 
Hopkins University, Baltimore, MD. 
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(jl 0 jjj^ll A^kLubUI j^AJj . ^jla -й ajlaS ^Jj ^Ui]l Sj£j 1 J» 1 a <L^Luia <ludj 

.UISj L^jLxUujl j£-oj A и>л xi оЛ^Л^. j-ajl ^j Lj]Ic. (jjjj 





AjjjU ljUSjjj (l j : Ц_1 JjaUI J| jbvi (j-uULa J-a AjjjU ljUSjj j| Jjj ^Uj JjIoj 1.8 Ji*iil 
j-« t fllln (AjjjU (ibtuil^ Ajlaj-i 4 jjjU ljU ij-a (lj) . A j jljij Jjla ljU ljLLlL]! AajJjj 
j}j jjfuj AjjjU A \ a u uy LjUij-a (^J . jjILU! AjjjU d jUaSl lj! J UUUa£ jUajAJ A± jk*si л 

. jjjILU! AjjjU d jUafll lj!j lj! Auny jUajAj 4i jLjaj 


J j-g lg_j| ^Ic- Ajjoi^JI l^jllniaj и_ил. jo AjjjUII CjU£j-U! L ^iu/i'i j^AJj 

U_u) Д -uUjdjj jl j-o j! ((jjx-aj]!j ^mjla j» -q\I j ^jU jg,^ll L^ijlui] 1 » n j Ajiiiaj 

l' i-^j ,^]l <. sU-ajl 4 iq i U jH Aj jjl_j]l UjUi j-q]1 Д V' \ U 1^_У ^ 9 • ( ^ ^ л л\ л -^ч \ l 1 ^ t s-\ 4 t *v 1 

CulifL jj c UUj (_j-]]l (^^ uj)]l ALLa]! CjbU-aj-Ul t а! x-ojl Loj-ac ^_А juij^ cjU±U]l ^jjjUll 

4_UU]1 a^Uluj j-alaj L-oAjxi .AjjL^VI GaAl x As!_ x — 11 j GaAs — ]1 UjIjjL j-o <jjUj-q 
j^AJ t^LtjVl AjjbU]l 4 a Un-sll ajLUl jxuJa j^JI ^^jjjilVl jLoi-Ul lajujjJA jjj La ^Jj 

.Aja ja^II jU-sa^jVI (JjcLi -й luuj Ui]jj ca^j^. Ajj J jjaj Д -ijjjjiIl j-ajl t/ii jiLL jl 

GaAl x Asi_ ]! nil (^aji^JI ^.LuiaL! Ail_U]l jLUj] LuLu 1 Laiv4 a 2.8 cJLuil jjjj 

jU" ^ Lujjk 1 GaAs — 11 <aja jjjj^JVl jLjc. 1 ji-aj .Aijlill GaAs/ x 

E c AjlaUll (jLLaj (Jiujl ^jjaUa jjj (JjiLl (jjLuu AE Lg_i3 AiLLaLl j^.L^. ^-lijjl "Aj-aj-ai 
jjjjilV! LaUa CjUjJjjia ^хм-а^к ^ 1 U 1 cA£" — > oo Lojjc. j . j jjjJaLl JjU 

Г —j l$je jj*jj 

E n =n 2 h 2 /8m* w 2 (1.8) 
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ш j tiiljbb CIdIj jA /г J 4 ...сЗ 1 2 tl jboJ J ^^-GJA^I! jjxll jA П 

(jJajC. jJJxllJj . (GaAs A^jJa -L^Lajo^ 4_lAj-a£il Jj2! jiajC. jA VVj iAiLxill jjjj£iVl 
. AjJjjJal! j AjjjjJ^lVl Cjl^jjiajll jjaxjl jjjjSUYI CljliUa L_fljl jJ j^AJ t jlJl 



. GaAs /GaAl x Asi_ x — 11 ^ ^J- 4 ^ >^Я ^LL jjUall ^Uj lihu 2.8 Jjuil! 

(j jLujj jlajC- lj! J A-ijj-aS jjj LLja. ! jaUa-4 ( P j-U! AjuLL JjaaI!) jjjjSJV! jLuC-1 

A-jfiUi! JjUaj Jiui! <j2Ua jjj Jjiil AE jaUJI ^lijj! j jLuuj .GaAs — 11 AiUa A£Iauj 
.S jaUl! jjUaj iiUa EgapJ c j5l£jl! JjUaj ^Jc-l AiUa ^ /? v . QJjAjjall ^jLU E c 

(jxa jjia AjjiL jjia (^jL и^ л “ л 'L^LudjVI AjjjLjll C!jIj£j-UI <1jj! o-q 

(Yield strength) SjLUI Я -q jLLq aw'VI Lg LJLc. .<Aua LjjL ^UjjI jjjj CjLqjj-j^. 

Jajoi jJjq jl£ !JU .LguJajJxj ^jII CjUxII ^gic. AljaUJI CjLoL-aajY! \\я\\ <jjjUl o jUL 

^ CjLajjoi^JI jLkal j-o 1 jj!i£ j* *"^1 4il jial jjsL^ c£ <«— i^j-o C 5 ^ CjLajjoi^J! jjj AiLuiAll 
-LajjUl S jSIL Л W'Vi jjJaaJl Д-а jUa j\i cAjjjIiJI A_ijjil ^Э cLul (jjLij jx j_^al 
*й j j jjjuill йСА 3.8 J<LU1 <_£jj .1^-1 ja. <il jjIYL Cj\ A^Uxi-sll jjlajj CjLoL-a^jjU 
O e jSSI JaJ j .(Orowan bowing mechanisms) jljjjl «■! jJ) JibSI a_Jj Aij^xJI 

lAjlllill Ajjjjiiil ajbxilj CjLoJjjlJI J ja. cl jilbU Aj jbUl 

a = Gb/X (2.8) 

(Burgers) jjc. jj уь Ь j Ai ji_aJI SjUI (jU JjIe. jA G 

. ~~ 'I jjAja II jUaSl ^ J . aJ ^i I jli . OUljUI Jjj AiUUI iajj jJj jA Л c c LgJ ^jjaUI 

. ~~ 'I jjAja. II AiU jli tt" jjxjJI Uj jjc. iliiil jj . ~' 'I jl . -^в~ЛМ j5L<j ^ ^ I jj*. i j) . 
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Vi j^A-<21 jA tAjjjljl! cjLAjjuiail ^wunbj t!U . $.1 jillV! ojS J.iaj ^jjll 

) jJXA^a 4 \ ~n. -ч. i ** )! w ч -^. 4_Jjaijj 4 l*i j - * 4 - ! 


9 ,10 


^gic. jj^jjll £a c4 jx u-a 4jjj\j 4 _j£j-q j! j-q (Ju -ай]! !Ьд jiajJtJjaij L_fljjoi 

4,j U xaI! j! j-<i! ^ic. 4_1!1 л! ^ij AiLjaj t jjjjJaLol! jj.Vq»,l! (J^Lk jiaj ^Ll! ^Ljj]! 

(jjjsLjj <. sjjujj .4 n^kg 1! j!j-o1!j djL-ajA]! < iiL-aj! jIjaj 4jSLa! jjjui!j 4 jj-gj]jj1! j 

4jijJa]!^ 4jjj\jl! djb£jJ! jA сз |Х *0 j (J^ 4jxj.mj]! ^aiLuil j l_jj£ ji]! jjl j)a 

.4-ol^i! 4jjl_aj]! L^jlajjJaJ ^ij 4il_jJaj c ^4 _ia ил\1! j 4_ilajai! j 
4 jjuojja]| 4л1*_а]| djl ALutail 



. ^L-ailV! 4£ja. jiajjxj jalja Ц -i— a jj X. ^cLuil lj! j AuuijIaI! ljLauui^J! jjj-ajj 3.8 jLui! 

Nanolayered Composites AjlJaJt Ди^Ш JjLSj^I 2.8 

(JJjiaJ ^L! ^j LjlSj йЛлДл]! 4ijaj]l оЛЛяИа]! dilajia]! dj! i j! jaI! ^Liij j j*J 

4_jjiiA ^jiui&A iV ji j ^jliaA Л vW djLiila jj-o C a]\jj ^jill '~4jjljLj]! j 4, jqiiA j]! <. SjJjui! 

t4_iLc. оЛ ja dj!i djLila]! оЛЛхИа j!ja ^juA'i ^ic o j ЛДа]! La! . jj£1a jaj ^gic. 4ijiLoj 
ола j£-u .(Thin films) 4ijijl! 4_iiic.V! c_jjjujjj ^i 4-йл£1л jil jla jj^Ja ^a cV<iWi ^Si 
LibLa j . djLllla]! 4 ^Lajuj j djLj^ j\! C*’ \ )*ч j-o LoLoj 4_]а jJjJaA j! j-o Lijj j-o jj! jjail 

jLuV! ^jla. oda.1 jl! 4_iila]l 4£Lqjuj j-ajlaj j^AJ 4 4_AJjuiail 4ja_iiua]l CllL£ ja]! 

,4j]ja1 4jj j^ja 4jjjjj 4_иЛлД ^^ij (Jjjuaj]! ^J j-o j t4jji]l 

4jjjjj]l jLuV! (JjjIj'^a! ojj-aa]! 4_iualail jli 6 1 1.8 (J^dil ^ij oJjxlL 

cLjjj 4jjLi1a jjia]l 4jjLj djlijla ja 4Jj^a!1 4jiila]l 4jjjL]l jIjaI! ;4jj j5La]1 

^ja^ia (J^Lu La (jl t^4_ajjjA]l 4_iila]l jjJ jlj Л (_ £jlj^j]l i^ajJj-L! 4_iJa]l (JjL 

* 

ja 4jj^a]1 j CliLlJa]! oLJIxja]! 4j» u-oll jj-Ll <__fl jjuj . jjj j jlaJA j j'VjJa ^jj^Luui 
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l-aIIjlj $.! jx* t(Heterostructures) ^^т!! i\ jaIL <illLx j! jLI j-o djlLla 

djliiLa (j* ^}Jj£ L) -0 tdjlajJal! й J-lxlall j!ja1! ^ajoJj .ojjj£ j! 4_Ь1з dilijJa ja 

Л1с ^^JiLoVI js! jllb c. <а^"п ^jl! AjjjU! A_ml! Cljli 4 jjIa.V1 CIjIjjIjI! 

oLa ^ljjl лл.1 j .(Superlattices) Aijlill CjlSu'jlb jl jLV! CjbijlA Lic <_$!) jimill 

GaAs /GaAl x Asi_ x aS u\il! L^jIja! j-^j cAJilill <. imj JJLlil! uiill jA Д -qI^J! j! jaI! 

ji * * 

Clliaill! Jjl {uxiL/l AjIIc ojji.^ 1 LljLjJajC. 1» 4.8 (JSa‘ 111 jJJJ . Д-аЛЧаИ 6 Jj^LaII 


InAs-Aijlill а£лЛ J1 (Transmission electron microscope) ^ jjj£1V! 

4aj^J! <iuaj!jj epitaxy AjijJal! ^jjjIJ! ajaVJ! (JIa*1oiIj Cuai ^^^jI! GaSb (100) 



Ail ja Ajj^x-ol! AjiiLal! Ajjjljll C1 jIj£ja 1! diliila jj£ Ja jjj jc ^ j»“u j La LjIIc j 
S^jAjoJI ojjj^II i“ 'I j-ua. " dlli i-'lajUII о^Лх!1л11 jl jx]l lilj 4 AjjU.1 CjIjjL (jji 

j-o 4j j£j| q iUI' o jJaJu<i]I A iV'» jll ^IjaII j! • 6 1l Jl * a'bJxl .AijU A S j J U.V.VI 

CjUL Jc. LoLaj AijxJI 4 ililajuaVI aI^Lc. CjI j J 4Ailii_o AjjjIj ^^jj Cllli CjliJa 

.Ajjjli A L j .“ L-iajl ^jujj < - “ '1 ^ ; . j. 11 



ASji.il Jjjjiil itii jJ ^ jjJaSlil AjLlLuiVI AJlc a -ч л a jjud jl LLajC 4.8 J£jUI 


(M. Twigg Aiil jd jju AnmU) . InAs-GaSb (100) ДШ 
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Synthesis and processing 


4aJbuJ lj ^uVi' l 1.2.8 


(jj!^)la AjjjJoxJI JJO 4jjLil Ajjjlil! j^ui! ^-LjV lc- j^luj (Jj! jlal! jj£! (j-Q 
(jjjj-A j-o AjjLiLq diLiila ^jjJajjl l ^.Ьлам (_£ja. (jil d-jj^x-ol! 4jjj3jl! A-iuic-V! £JjJajJ 
^ ! jj! £_ju-a ^Э £uuil j (jliaj ^ic. L_u11_ujV ! o ЛА (JLa*Hui! ^l! ! jlaj j . ^ ^ jj£! j! «Q 

(jiaxjj L^jluosLlxi ,jqx>ll (j-o (jli tAjiilall ^jjjUl! j! j-UIj ijjjLjll l!jL£ja]I (j-o (j j^.! 

* % 

Physical Vapor Deposition ) LuUjjja Sja-jVI сЗ^! ji= ^'LxLi л£1 . J u^qi l 

<Uaj AjUc-I (j-o cjlijia ^-Ljj! ^^э £_uj!j (jUaj (__5-1с ti-ujjjuojl! j jj-^yil Lgjjj c((PVD) 

j-QjJa ^JjJajjl! ojlc (jjljiall оЛА (jjjJaJJ . ^ ^Aj^Ja! jJjujj ijVl» xij ii^Lj L L-Vi 4 j» U.r-i 

j-bbjjll ^.Lujxl! ^Ljjj 4 j*j jjjUjIIj (jlxjj ^Lal j « iL^a jA J j^i! j-Q SjLa_A Sjaua. 
SjIaI! ^Jauuj £-о (jj^jVl^ (J-oL^. jLc CljLjjj! ^ju-al jAjJajjS iuujjjjujl! Lo! . CjjLlllal! 
ь jj£j (^i^* 1 g » jxi'>j jjaj ^jI! L^j! ji jLia! ^! (jjjj L* liAj cL^xjjJa jj l_j jc. jaI! 

(j-o tAjjjjjjl! j! Ajauo^V! LjjLaUall jj»ja1I cUja! jjjui! iiu (_5^j pLujiil (jjj£li 

S-lia-A lIjLaJju^. <Loja. (JIaXJjujL) A J^SJ-q! JJ-uil oJIaI! (j-Q JjujLiaI! AuuJjJUJjl! £ ! ja.j (j^AAll 

JU.U Luiaj! (^£аа]| (j-o j . ( ^ ^Aj jj j jl! lu! лл jJL i-uj jjuj jl! j! AjjL j^^l! 4 w L!! 

. Д j УЛх a Uja (JLaxJjujL Lic.lij iuoijjujjl! JjaJj ojauai! ^ij (ji^jjlJ! jl jjauuj^V! 
(j-Q AjjLja Aj^Ja! JJjuJJ Д J ~ 1 Л» A LjjLilla (j-o L_alLj Ajjuic.! ^Lijj (jia. L j-Q iuujjjujjl! (jj^Jj 

(jjjjLo (j-o CliLliial L_JjL1a]I i-ujjjujjlL Lq! tiili (jjka-i (j^A)j .AI-AI 2 O 3 II сД^ 

(jjauu^V! c : ’ \k n ^Liaaa (jjlcij ^llaj (Jlij (Al) o^.!j Ajj^xa o-jLa iuuijlijjJ j! cjjLla-A 


AjLia AjjjL Uja jrLjV Luiaj! iuuijjujjl! (З-л*!-^! Uij .^Lic.lij i-Jja! jJuuil Aiila iuujjuujjl 

. Aj j jLV 4 j 5 Lia! jjjuj j 4 \\Ля a 

AijUll A^juui! (Д^э (j -0 (^il! LjjjL-ajui! L_sL^aj! Ajjujc .1 Я 1 !_а. ^э Li 
i_ilc. ojjLl! 4 _pUI л! ja ^xju-a iiaj лаэ tLoLLJI (^э Sjj^AaI! GaAs/GaAl x As i_ x 

^Ajjjjail i-ojaiL Ajajal! LlijjlU! 4 jaVi (JIaxLuj! lIjI \i)L“il a\ aJjai! 

* 

jjiUj Llikli AjjjIJI Лал! 1 ]| Lijiaia jiixj . (Molecular beam epithaxy-MBE) 

* 

j -й -L- jiio 4f- * l^_l3 JjuLiojj toijijj 4 jjlj JUjjia jjuia L$_l3 ^JjJajjil З 1 -^ 1 " 4 j 

( Reflection of high 4iUail JL*il jjjiliVI ‘c gta-J l jiljia 

Auger electron spectroscopy AjjjjjliVI jajl Aji'jiaji a energy electron diffraction) 
LijaJlj 4 jfljiail OljjiJI 4 _iajj JLojiJjajl 4. ILa. ^ij .s-LoJtil ^-J . >. jj 4 jsI jjd jjd^LiJI 
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t Gci) A^JjuJ] Al j^a'! jj-aLlLI ^ulajjl ^GaAs/GaAlxAs^x Aijlill AjjjJ^JI 

'jjlja. a^,j.i dj|j j!ja ^jjJajj jjj ^.j . L_jj^)jujj L]-Li j)A ^^-cLujjII jl j'n/JIj ( As ^Al 

% 

.SjLa]! jjjkjjl Ajjjjj£]l <Aja. (^J-wtjjujj c jj£jlui]l£ 'LjIIc. jlg x^i'il 

JL^lail (Pulsed laser deposition (PLD)) ^^^uJajjll jjJJL ^-luajjll jAx i+n j 

j-o .&]jLLa Sjaua. jil.1 ‘j jj£j ^Дс. L^JtJjJajJj L_filgJI SjLJ! jj4 nl ojjj-aS jjj AjJajl 

^JJ^j LgJ ‘jjLo j)A dAj j£aJ! й11лЛА 0 JLq JJ j)A j^AJ ^j! Яа!_Д PLD Ч C1jL<LuJ 

dl])LuajA]! (JjjS j ул 4 Д) а! JJjuJ CliLo jli'u ^LiV AjuLoJ aJjuu j c“ гч u«ol IJlj tL_u£jj]| 

jjLua-o c“ Jxjx'uJ 13 j .Ajj\jj^£]I A_iijji]! j j-L!j A_JLl]| SjI jaJl A-^.jl ClilJ Jijli]! 

. l" \\ <nL>\! йЛЛл11л A-iJlc.! £_i_Ja jj] -^l j-aJI a JJbLLa 

% * 

AjjLiaJ^ jjjl jJa C Ja«.“ujI ( IJbj^ s jJi I £JuajJ jjljla ^Jj AiL-fiaVL 
Chemical ) LjLaj^ ‘jjjuV! £-iuajj jjljUI cilll j-<»j .А_ш1а]! AjjlLl! j jaJI 
Aj£ja! jjuj j Я_ 11 лла CjLojiajA ^Lij <xjLJi AijjL ^(vapor deposition (CVD) 
cIl^Ic. lij (JLjCIuj! j^-aj t LjIjaj^ ‘jjjuiVI j-iuajj ^Lj! ^i .^’ ^ic-jii* <liL c. L^'ij 
'j-Lu^Vlj c Reduction ^La. jVIj ^Pyrolysis jj! j^Jl tiL^iill Jjji j-a AiiLL^ 
Metallo-Organic ) LLLa^ Aj j > >>» , ' ! Я_ 11 лла]! S jauVl ^-Luajl Aiijla Lu j .Oxidation 
iiili c1i!£jL ^LiV Я -iaaV! j^ Lji ^Дс- (Chemical Vapor Deposition (MOCVD) 
Jj£juIi] ^^jI^aV IjjIjA £-д jjbtA Cli]lLi£]! jc-lij jjAjJajj j . dl])Lufia j-L! uiL-al! j)A 

j-o Aijli a£j_uj £_lua] aJLI! ciL>lc.lij]l (JLdxllui! j^-u t^LLas .AliLJ! t 'jjLi]! AiJa 

:GaAs/GaAl x Asi. x — 51 J+S 

Ga(CH 3 ) 3 (g) + AsH 3 (g) -> GaAs(s) + CH 4 (g) (3.8) 

xAl(CH 3 ) 3 (g) + (l-x)Ga(CH 3 ) 3 (g) + AsH 3 -> Al x G ai _ x As(s) + 3CH 4 (g) (4.8) 

jA AjjlxJ! CllL j^a'! j Cll! jLJ! iajx_uaj ojljaJ! <L^.jl] jjjSl]! Jalua]! j£-uj 

.ЯДс. 'oJ ja. Clili Aijli CliKn-;) jrLij! 

jjA ^Lil j)A j)^A _iij Л -nuij Ajfi-ajij Jijjia ^аЬаД j^I £_iuajj]l j/Ljj 

SjjjjjuJ! о1д j)Auajj .^^'^aJsL L-iuajj Aj^jaIjJui Aj'Ox a Яс. jIja djLja]! &11лла 
j)A la-J <i]]i jl Vj • l^.lj t »“ Jg-^ (JLaxJ-ujL ^Lj^ ^blla ^ jjJJ LjLja 1 aj ja jj 
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LjLj^^]! jV 4 j^AJ C5^ CllLajia]! S JIxIaI! CjLa jIViaI! ^! jj! CCc. 

оЛА LLa ^э (JaxIuj !D . .lalj ljj]j^£ (JLa*11iuj! ^a а1э!^1л j j£j V сэ jjjjiiLal! ^^jcLU 
U jaj ^jLj^U! jjI! u_L_^ajj j . jjjiiH-Q jjiil j^£ j)-o c__j jLiIaJ! ^u>» jj]! CjLa jJVaI! 
^ilaj 4 AjjJ-uia jjC. jll£j А_1л1ж1 ^ic. Q J.VL1! 1_^_1 а i4 qK'il! jiaLilj! ^j AiLja! (JjV.1 
Viiiaj j^AJ Laa ! JJJ^ J^l AjILajJ -LIa-uJ (JjjLj lj^jj ^jjJajj j сЯлиш! j jlaLjA 

.* 3 UJI сИ <-S (*-lU 3 jj]l (jjl jJal 

(J-iasJII ^l jia J 'banguir-Blodgett Cu^jij -jjj^jV (jil jL Cj£Jaj 

(Monomolecular) CjlljjjJI CjUjL ju jjiij AjjjJac. Ajjic.1 ^tjjV " 3 (jjli]l 

jtLl! ^ic. o^cLal! ^^c.j 4 c." u~>c jL ~ jjj~> 'iL/ A-ijoic.! LujLui& j)£i .©лзлс. (_£. 1 a ^^ic. 

Lgjclli (j-o cj-ia. 100 nm j^j (j-° j^l 4 j]La^,1 L^Lajuj S с jail iUlc. Lj!! 4 * L-n a A-luic.! 

c^L'udLL Cjli±!a (jLj dlLajIa]! оСЛлИа AjjajI jJ CjL^ja ^-Ljj (j ja. 4i! Vj .Я_рШ! 
j^AJ ^ll! CllLaJal! L_aV"! (j-Q j£a c! ja £_jj-a iijjla]! й i£J j^AJj . 25,24 AjjLua (jjl ja. 
<j! ciiL ^j L_al_jJaJ . Cll! jIa jjL]! C1 j! jjuoC. jaj <jjj (j-o ojjiu-a jj£j (j! 1 £ 'ia (J£ <£Lajui] 

.^^LLj^U! ^ jx>> jilL ciLajIa]! осслИа AJiL AjjajI jj a_iLc.! l“ iVj'i! сэ 


Functional materials 


Aoi^t Jl ja !\ . 2 . 2.8 


c“ iK uLl! j 4 L jac. ^giL! ojjL*11a]! c1ljL^3 jaI! 4_aL-ajl с?±и ^LLLuj aLLaL LJ Laa j 

4 jj ju^a]l j 4jjj5La]1 Ajj j jj^] 4 ^ ! j tl (j-° Ac« jXia jAue 4 ^ i >•*! C. 4 lyi i AliLal! 

CjiLijIajA]! ti]]j (JjAjj 4 ^jjj^ 11 jL-aaiV! (JjC-La (JjJa^J 1_£J3 ->^*\M1 j^AJ AjS^U! 

cj]]j (Jju-alij AuuIbLa j1aa]1 ja ji i] j^] . 4 jilall lijjL]! j!ja]] -LjLaj]! CjU nlv'ill ^д! 

L-au-allA]! ^al ja ]1 ^Jj Cjxj jl ->'ig а 11 ^JjH! ^^^ic. J ^liA a jaj CllLajjIaj]! 

• 7 'V 


. 14,26,27 Ijj^ j-al jail JJ^ 1 AijLill LuCxa]! CjI^ u'jll а 11 j-al jail ClijLj 

jjj ^ u.ijJ -1 j» aII Jajljj]! ^j liLiliujl 4,“).W'i jl AjS^>L] 1 j^ljla]! j)A <C.jjjA Acjaja] j^AJ 

j! AjjuuIajxA LjLjaI! CjLjJa]! L^j£ jj£j AjLc-V! (_g-3 AjjuLilajxA]! Aj-li-laJl CliLajIa]! 


^ jj]l Jg-Lj ^j]l ^LajA^U ojLj jAljia]! jj£ 1 (_£.l^jj .Aj-uuJajxA JJC. j AjxuIalxA 
-LajLLUL u_3jjxa]1 ^Lj^U! ^ umJVixaII j jxJa]! iijli]! Cil^ u'jll jA jaaVl 
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S-ajlLalb Jjj^aiallj .((Giant Magnetic Resistance (GMR) ” X AiX<u«JI д' 1 

CjLAjDiA ^Э AjjLj^D! cjLaII A-qjILq ^Э <_£Л)! jj;<;1I jjx'iII ЯзЬ1ад- 11 ^junLi» a\I 

1 ла ^ 1 >"|J J .I gj'c . н tijliii» л (JD jjjWi jj^. Co/Cu — II Jjjs C у* ^ L * л 

jl j!1a JJC* C_fllilaj-alj c. <U-Vn 4juijDl* xtll CjLliLall jl ^Э Aijlill jjl<n Dl ^^Э (J jjlIaII 

Ji^. L^jIc. (jllaj 1-лл1с. j iH = 0 jjfL LiLlc. ( jDLxIaj jljlo) (Antiparallel) 

^gil AjJj-o djjljLo lil q)-n>*-il 1 g j^ Л h*i I A'ia j\l ^jjx)! < Q A x s-i\ <.< flL^ j^iL ц£ jfl ^ * Jj)-a*i3e a 

CjLajJaj)! jj Л^Лх)! ^Ac. ojALla)! оЛЛ Jjlajj .AjjLj^DI 4_jjlLd)! ^^Э jjj^ jtfXiLj 

.cjLLnll jjk) <jL-a)l l_iluj!j^J! j-saljil jjLuiA ^^э L)D aLoxIula ^Aj i^aa)! 4_jlij)l 


tCjLaJa)! oJLxIa)! ал\л )1 ^i cjLjjjDV! 4 iL£ ^i Ajjjl)! cjl jjxI)! ! jD j 

jx-aLc cj-ajx^L)! ^j ^lc j t(Bragg reflectors) ^Ijj cjlDlc. L^LDD 

j jla L_flj)jj jIaj c<DjJ j^)! ^liLai) (jjl j£j)! JjJI La u j -пЭ . 29^j\)**iH Ax_uii>l) Ajjj-^j 

l LaVi jl c. i>j^ Ajjl'n j'I cjLiiiai) ^Jja)! л! j-L! Lq! .Ялл^ jjjIxIa)! ^LxujV! ^Dja 

<xjLui cj^c. ^i)! Mo/Si J-AjIaj-d)! с! j-L! <ji)j л! 1л! j*j cojjj^ cjLjjjjDj Ai\j£ jjljij 

. j < i WJ ! ! \ 


^АхЭ .^Ijj jjlDlx£ Ljaj! Д_ЛЛха)! jjC. CjLajIa)! оСЛжИа)! c!ja)! Clli-axlujlj 

ajILx)! AjjuillxjV! cjjli GaAs/ AlAs SjjIxIa)! л ji)-a'l cj'-aanuil tjlj-a)! Jjjuj 

jLDI CjLLaLtui Cjli йСЛх!л Ajjaj) jJ CjLiila c" l'sVil j . 6 ^_jLD! DID! Cjlijla ^Э L! ja 
jjC-LLoJ (. L-VVi j tLjjji)! *! jaDI C i-k"i AxjLV! j! Л \у uinll (jj3 Дх -ujV! jiA« jj Л д\"А A 

jjxja)! jl j)V! оЛЛх!а AjJjjJa 


Structural material 


ЯДлЦП Jl >411 3 . 2.8 


CjLlnlaJ ^i aCjiA 1 g )» ^^fLiLliA tiljLuJ Ajijiall <JjjLl)! ijL£ ja)! L LWn 
cjLiiD! оллхЛа)! c! ja)! j-o ijLui^ ^э ojjj£ ocLj c" j) л^э . 12,29,30^^1 ^ £,jLD! 

j^j (j-o Ji! A^.jj j-L! <Dai) <jj! jD! J jD! jDj LoAjc. Д_Ллха)! j ajIja! jjD! 
jjj Lu 3 ^LDjVI £j-q Jjc-liA jc. ^L 4 j| ^Jc. AaD AijjD Di ^_э jIajj . 100 nm 


(j jS ^.jjjj ^Д! jjjj cjLiiDI <jjjA lIjLLaLxa jjj cjjjD! Jj!ji)li .lILajxjD! ^ jDuj 
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li! <j| ciili c fll .Aj^J^J Ajjj^J Aa. J HjIc. j! j£-<U ^L-aQ L^U <JUd£bt-0 

cjbfrLll ajc. ^ill (jal jiil Jj c<ailk-G Aj^fuj (Jx-al j3 Cljli dilkjiail j! j-q dul£ 
^.Ijjaij A q[‘i4 a AjjjL ^^jj CjII djtajjail jj£j Lajic-j . ^L^aaiV! A^ja. £_1 aJ jjl j£-<u 6 ji 

(jV jjl ^JAjlaJ-o jLjUil c^Wjjl V LlS C ^al Aj^J-uiil CjbijLJI jjj Laj 3 (jSl jJ A^u (jl£l 

. cjUiU jjc. CjUL^aijVI JlijjL jU-djjj jjjkaljLo 


djlliiail d J jxj-oil А.пЛж.аИ AjjaiC-VI A-qjILq LJjljjl cojLukil jLjjjl ^JI AiLjaVLj 

AjLLaj-LI dJjxJ-LI Cu/Ni 11 djlija (jl jl 40 J^VI <jjVI J j . 12 j^lj *l JiA^U 

• fatigue time 3U2 < — uJ fl j-ic. J ojjj^ odbj Cjj (juUoJI j-o jlfJai LuLj$£ 
AjjJa AjjLj-q j!j-o (j-° A_iljAl!j ^ijjjJI djLlliail а JJjxJ-all Ajj-<uijjll jl j-LI CIjAjIj 
Ajjxj jl j-q j j£lii Aj jx-q 1 g 1» *s Lq 1 j t jjoi^il Д_л jLLo o jL j jjai^li A_bli (J j^l j 

, 24 ’ 25 (Jl^jll SjjjL lJuLuj 


jjjLlSI (JfcLuiSn j iajoaJI ulJ ja 3.8 
Nanofilamentary and nanowire composites 


jj-ealaJ LijLu^a-o (j-o Ajj^-oil AjjjLll CjL£j-LI j-o jjC. jj (jVI (jjSLii t fl jjuj 

(j jiLil jaJaJI L__1 ^ja 1L (JjV! (^ajj jU .A_iIaAua-Q JajJa. j-o LiL I jjla 
AjLLg Cj! i j! j-q ^LiiV Aj£jjl£j-Q AjaJlx-o (jjl jJa ^i ojLc. (J-axjjoj jA j cNanofilamentary 
Ai jij-a-o AjL c_Lk-ajj Lq LiLx3 ^jLl! ^ jil! Lol .(J j^I (j-a! jL, L_jl_^. ^gJ! й jja. AjfLil^iA 
(>ulj .Compliant matrix AcjUa-o JijL-a-o j-<j-a LjLj^£ AxILaj-o AjjiL til!>Laj! 
cJ^LujU AjiUa ji! (j-ajL^aaJ! jC- Lujj п\^)а 11 Lg^ jLj (jC. La^L j! jaI! й j£J ^LuaVI 


. Ajjilil! 


Nanofilamentary composites A jbjvl l Aj^jUI JiUSjJI 1.3.8 

A jVl» a Ai jiu-a-o (j-o <jj£-o 1 £!>Luj! A-iIaJaJ! AjjiLil CjL£j-<JI jLjC. 1 j£-<u 
AjjLj A^jjuuj (j-o li^Llaj! 0JJJ j 5f, A_ilaju-aAil A пЛ»,а 11 JajJaJI (j-o LiL I jjia j-ajJaJJ 

AaJL»_A j! l_j^juJ! (Jj^3 j-o ^jI! AxjLLJ! Д jvl» aII £jix-ajll (jjljiaj Lg_^.Li! (jj^. jjiai! 
jL j! c (JjI^j jLix-aJJ jjjj jxuo jj jj-aic. (j-o j! j jiai! t ilLj c J_aLc. A L-oj j . j ja_uiAll 
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II Uj\ х-оЗЗхи! (jja. (_5-^l ‘j-lUjSVtASl JJ^lj . L-lix-all ^sjuiail (_£}Ujl AjLLs j)A 

^^з С1з1 jjjc. jaj SjLc. Nb 1S 4 ja^^SI AjjIaII <jjoj]l L^_i3 ^jLjj ^^iSl Cu/Nb 

* 

(Jj£joij o jlc-j Л (jjjjiall dlli A^JJjoJI ^t^Vl 4 (J jjlj]| L_l£j-<JI ^rUjl 4_ix_lJ .<1 а]| 
L$j 3 (j-aLjj A-llaJ^. 4j j j5La Ajjj jj j£j] Hj jiaj j L*\ 4 (JIja]I (Jjf^j ^ic. c j-ojJajj Aj j ja. 

Ja jj^JI jl j . dil jja jjUll С1з1 jUc. ^l cCu/Nb ]l iiU. cNb !! uE>Lj 1 jUaal 

J_jjj jui 4й jjj£ Ajc.Ij]I lg u j jl Vj iLo j -лС. 1 ja. JJjjla c.“ ix jl Jljjia]| & j^j Ц Vn-cil 

jlLa3l С1з!1 U^^Luil ^ La»j jl j^AJ AjIax]! бЛА (jl ^! Ijlajj .6 jlc. 1 (jU 10^ 

(jjjIalJI j-o jj ja £■! jU^ L_a lJ!>Lui! б^С. ^auJa £j\_uil j-o u-ol -Jl3 ^lja. o jj» x-o 

.^L^lj 

j^Sl (j-o <jjjj-Q^ 6 j jj£ jlJu J_ajIaaj AjjjLJ! AjLj^JI cIAj^jaI! l U-ojj La LJlc. j 
^lU <Jai^_iA j-aj\ х-оЧ11 б!д ^^iii J . A_Jl_x]l AjjUj^II! A_JsLJ 1 (jc. !J_jJa3 c^(_£jlaj]| 

(Jjli ЛУп^к jJJjjJl u-oj 4 Cu/Nb Sl ^iU ^ij 4 AjLiAl 4 x>iqV3A 6jl ja. LjjUjj 

* 

AjjJajJI JajL*_A]l ^^3 CjjliiA Я -JjjLJI JjU^ jaSI б!д (JaxJjuJ t4jx-oUil бЛА L_liuiij .A-JsLJl 

. 37 (J jill (JUJI CjIJ 


Nanowire composites cjLSj^ 2.3.8 

L^jU AjjjLJl ciS^LuiVl L L-o'V'i ilijl UUU 3 L 3 ^jJI 4_iiaJaJl AjjjUll CjU^ jaII Li^U 

л 

jjljia Clljjia JSj . ^aja^II jUaajVl (JjC-UaI fijLc. jjjU lJjLui dllj <jilUj jl ja 
l_JUj ^! cjU^ jaSI ^Uj! j-o~4j Lajs j . 39 AjjjUS! cilbLuiV! cj\ qjL-o ^LjV cJjj^. ‘Lc. jjjA 
u-o Ajjjia ^Lj*£]l ^JjJajjSl ^ u-ol jj3 t\g u>>i 4 qiix-oA AjjjU ii£)Luilj Aijix-saA ja 
j jxJA (Jjj3 ja ^JjjU LjLoLuiA jj e-LuiC. JjjjjaSl oU (Jaxj-ujj J 9,4() ' 41 AjaAVI AjU. 
(xUIa jjLj c-LUxil jjajjxji LjULuiAll jjj£j (jj^jj .(Polycarbonate) cjUjij^Sl 

Л 5= £ 

^ 3xxi *з Lj|j Lj\_A\_uiA jjj^j (_j£aaS 1 (jA cAjjjIaSl 6 j^Jj . jj jxj c_ iVn Ajjjj I jia. <j 3 j]jJ 

4^Uj^l! (Л -jjJajjl! Jj3 j .LjljjAjjUl! cj! jUc. (_j-U UjLka! jjjj V cjj^ Sjjj^ 4jc.U 

(Jujjj (^ic. 4 Lui jujo jSU c__iAj]l (JjjS L>° (_ ^jUj^ (JiU (jA AjjSj Ajja ^JjJajj jjaj 

# •* « 

.JUUaj^j^ 4 j\4 Uia3 iiiUSl <ija]l aU (jAXJ-ujj .c-Luixil ^ g ~n j ja.1 ^ic. 4 (JUa]| 

4_3jjU UbLuil <ajiu-a (jj^li Дх хЛа jaSI fijLASU LjULuiASI bUj 4 (^jUj^£II c-^LSaS! c-Uj! (^З j 
^ uJI -n. aj С1х1аДи]| L jjlj FeCo jlLjV c J J 5.8 (J5-JI Jujj .c-UiJI ._jiJ j 
. 4 LlJiJI ‘Lliijj AiijJall si^j l^j?.tjjl (Scanning Electron Microscope) (^jjjj^IVI 
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UjLj^S 4л1йэ ja FeCo AjjjU iibtuii Sjj-^ 5.8 JiuJl 

. (Ll£ tibLuiVi CiL^VWl cjUjjjiii Sj^lLUI Aiji^UI ciilaJI) 
jpLx^JI ja ClsLajiusa ^ja 4jjj\j U1 !>LujI C1jLj£ja ^Lijj j£-aJ аЛА ^UjU 

o <j^A-UI dlL3Jjiaj]l aJjaI (j-Q J • 1 ^ CllJLua ja]I C flLuajl j AlsLj]! Clll jaj] jj]l j JajJLiJI j 

C1iULjj]I jjjij JajLuijj ЯлЗа-иъа]! CllLujLuJl ^Э CllUjjj£]VI jLU-oj (jJaU-o dlLojladll 

• A 'пП U -л\ 1 


Nanoparticulate composites LSj^l CjjUI Jj Uu - vI I 4.8 

(J£j 1 ^gJc. Ajxjj^all Nanoparticulate AjjjUJI ciLajjoi^JI ^uujIjJj ^-L^a Cjxj 

Дурж a CIiIaJu.i- 4 JjA c!ja]I аСЛ (jj£jj . 42 ’ 43 jjjUxj! (j_ji]l ClLiinjjj ^j AjjCx-o CIiUjj^. 

4JjU JJC- A L-'IJA <. L.O j jl A f\ )a! JJ-UJ jl A 1 1Л» A jiutfXA ^^Э Aj-QjJaA AjjjU CllLoiliA dll j 

LAjJjlaj С5^ C1 iLqj)o 'iaII ^l jjlj СЛС- ^^Э jUijl jjj^a^. t JjAIa j .^! jJAjU 

,<^JL*_a]I (jjl jla jA jjj^ ^ jjj iS J^ ' 1 ^j]l j с1д jl i^i'quJ j 

Synthesis and processing A^JbuJlj jjUoail 1.4.8 

* s 

ajjoic-VI a^JLxa (jjl jla c" J a»"u J 6(jjdVI AjjjUll c1iU£ja]! d ja j! jc. ^^lc. 

* и o-J l * 

La jac. AjiVi^ jjLxA c"iV3'il j .AjjjUll cIiUjxj^JI cIiU^ja ^Ujj I jjj£ <aj3jl! 
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^Jc 4 4_ujjjjj]l j! j_)4 j\L jj^j L xU-qV (jJJjla j)-Q jj£j ^LuoxJ ja! jiA]! £JjJajj]L 

Д «: 

лИа^л]! (Jj ^^ijjj^jV! ilijJI Jg ~n <J ajojljJ CliLail]l Ijj-t-a 6.8 (jSiJI jJJJ . (Jlj-a]! 
Ja! o jLJl 4iL£ djjl£ LJ£) (Bright field transmission electron micrographs) 4 \u>ia'1 
jj£j 4 4_ijic.\/l аЗл . 30 4jjjj^J! Ni/Si0 2 (ji*-U! AjJuc-V (lc-ju-aj jj£I L§1jjj-£ 3 dijl£ 


SjjU! AjjLJ Ajjjlj Cjl a_uu-4 4jjA ^Jc. jj£^3 jixA]l Lq! 4 Jjl/L jjc. ^La! j-iuJl J_>La 
\_Aiic. (Jl^j <jjc Ajaj!iC.V! йСА ^^iixA]! jjla]l (Jj-a^jj .Ijjjijl (jjj£ (J£jj Cjlij 

jjxJ! ^jj-aJ 4^Jc.! u_Jjuj jjc.j .<1 a1! 60 J 50 Aja^j^J! AjjIaJ! Ajjjjj 

jjilj (Jikj]! li^Jj .Alx-£ailA Cjl Aji.ti-4 (J£jj ^^Jc. jj£ja 4(Ji! U j jjc. Ia! ^^JajljiA a£j-uj 



.Jljl! ^W^aII Ig L^Li u_s jjuj ^j]! ajLJl j-aj\ >л! jjj£ 


Ni35-(Al203)B5 


Ni60-(Al2O3)40 


Nl90-(Al2O3)l0 


Д -j j xA Ni/Si0 2 AjaapV ^ULajl Ajialj! j i ^yjjjliiV! ilill! j^_a-A jjA^ 6.8 j£uJ! 

.(Elsevier Science B.V 4ii!>* ^зи 29 £>j^]l Су) 4jiuk 

JA <Jj£a Ai jix-£3A (J£jj ^_^Jc. (J jj\j L_£jA Ук jj] ^Lj^lll £JjJajj]| (jAxjjUl! 

оЛЛ J CjJ j^£JI .' US ~' l ' 4H t jlj jja ja Ajjij CjLajuia. jjjaji-l (jj3j ^LaC. 

AJ ^^Jc. ^Lj^l e-jUa]! jj-aajj . jjLtj]! 4_uj\ 'n'ia AjjjL CiLiU^a ^Jc. Aijjla]! 

. 4,\jS\\ Cj.W a Jij Cj\ij\ aC ->SVn A-IaLjCjjCjA Ajjjia. Ajjla UjJ jljj j-aji (J£jj 

* 

^Ujj Lg_aj\ii ClilAxjjUllj 4 Cj\_AJ-Uiai] j]jjjalA]! ^XJjJajj]! Cj' V j*_A 4 ^.‘Ia'i Cija. jij 
j£aj 4jjJj^£]! ^i cjLibaiaJI jj£jj jjjxjja .А 1 2 0 з !! 44 A_iLc.! ^jjJajj c. \u-o jj] 

,4ja>^\ 1 Cj\ Ajtti-sW Aj-uj j L-lLUI j! jjj (Jj*-oj £Jjja jj]| jLj (_^Э Ajjj ^£ai]l 

jj\ Ajxt.i -4 Cj\_i£ ja ^LiiV Sijia. 4aJ\_XA (jjljla Cjjjla 4*ajj£VI ^jjV! (^ij 

.^ 3 \jjja. ^jjxA £-U.j 0 ajj <]! j! (jjljJa]! (Jia.] jAjjajj j . j jLx-LI ^^Jc. AajL AjjjL 
2 _jjjui]! jjjiilL j! AJjV! Aj^.U.jl! S jLd] AjjljaJl AjjJajJL La] jlli jjj^j j£ajj 
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Я -ijiL ij'O» X) CjljjL j-G <jj£-o iljA ^tiL]! jjfLiS .<LLai]! ЯЛаЗ! j-o jjoiLiaII 

Ajjjli Cj\_AJuiai bjli \»jaVi (J ja.! AijjJa j^uJajjj .SjjiiLo jjC. Д-рЛл-л Яз jix-ia-Q 

cjLuuia. ^ jaj .jLuVI 4j!£>L Ajjjlj FePt /Fe 3 0 4 diLa jhiA ^Llij ^i Ja*HuiI (jjlLL! 

^xja V'il jlaja_i yj t4_u jj-^]I (jj3 ^l ja^L jjaL]L Ajjjlill Fe 3 0 4 J FePt ]l jLnSft 

ciiL] Я -jjg y Ijju^a 7.8 (JSull jJJJ • ^(JjiLuV! Ai\_jJa\j jl jLui^J! jJa_iL ^lli]! 

.^jjjjilVI i\ii]l Jg ^<ai Clliaij]l Cll\_AjIalA]l 


]| (Jjj 3 j-o AjLiaI JJ-uj ^Jjjlj C1 i\j£ja £_iua] Дх. jjjA 4jaJL»_A jjl jJa Jjjjla ЛЗ j 

.^^AjjLojV I л! ja]I cjjlajjJaj ^gi Liiaj]V! AjjSjJ .luj^ll Cj\ ajui -ч L^ja c"^a»"u*)I Al 2 0 3 /SiC 

(JjjAui jjjjJa ^ija-uiA ja 0Jja (J»>l jja-uiA 4_aJL»_A -UjUJI jj! jla]l (J.laj L__ll]ajjj 

(.A n>»4 <_ QjqVi IxJj .JL* jl (Jj-uaC. -L-uij jA-uia Cll!j£i\j ja_La]\j Luj\, Via J_aj»j]| 

=* # i * 

Cj\jj» x^a\l j ja» \ Ijlajj . jLaJ! Ja»_Ja]\j cii]J jjal j3j cjjjLj]! LJ^jJI .llt/i'n 

j-ojJajj j .JJjIj jj! jia jJjiaj (J ja. tlgJJjoi j Cj\ A jui'vll (Jj£i (J£Lula jc. ^ajj ^j]! 
j^LiujjJj^i! ^gliaJ jjfLAui! ^ic. (jjjaj 4_i]j! jaj]jj jjLo] (jjljai! tiL^ij]! L&!.la.j 

jjj£j] Ljlja. tiKLj ^tJauJ! (JIxa Lj-iA ji! Jja-uiA (Polycarbosilane) ллх!а11 

. L УУМ! ^L \j£ja ^Jaxi IjLa. \ La» 1 jaaLuiA]! оЛД ia» ^j .Ajjjli SiC Cll\ aJui-n 

% * f * 

л ! ja <." Jax'uliI liL .Sol gel ^Jj (JjI*yaII Jjjaj iLljia Lueajl CjJuajj-ujl j 

я # 

SiC cjLuuia. cjulL ^yill Lua jDli I jCxuaA (Boehmite) cIua^jjjI! 


49,50, 


t^-ui! J L_flj£Laj]l C»JJ .SiC ^ jjSjluill cjli Jj j£ ^ic. ^UJI ЛЛх 1 а 1 ! jjjjjui^LiuJ! £_a 

. jLai! iaxjJa]\j j ja_uiA]l ^L-a 


^gi ^Lci&V! qa I jjj£ I jiii cj! jaj] jj]| ^^ic. <ajL 1! Ajjjli]! CjL^ja]! diVj 
dul£ tAjjLaj]! 4_ialj]! jA j . 0 jJa.V! AjjVI ^ jLla jll j ^^AuLuuVI л! ja]| CjLajjiaj 

(Jjj 3 j ул i A j q \ La J_i]LuaLua Cj\j *чЛ» a (JIaxIuiL A VViaII A^LuiiV! AjjiLl]! Cj\j£ja]I 
. 55 Ajaa! j! jaI! clL jj£! c(Hectorite) ciuj jiSjg I I j (Montmorilonite) diujLjjAjj ja 1! 
£-a liall (JLuaL-a]! ^ jaJ ^jjiaIVI CjlSjlui j)A^ Ajjjia i-iL-alua jlj-o jJjJaaj (J jaj 
\_^_ajAJ j! 6 jaj]jj]| £_o ^ 4 ji-all (JL-alua]! oj\_g_ua ^ jaJ jj-Uj 4 jIaC tiili c" \\) j t jAjjjA 
Cjli Ajjjlil! CjL^ja]! jA jC.V! ^ ji]l j . Cj\jjAa]I CjLj! yj Л g » A l-JjICIa j-<u] jj (Xa 

\ g IjS C"i (jja. Я -ijiL jjjj£ <_-JjjLL (JjLLI ^jj! jai! iMjuDLJI AjjLajll AjaAV! 
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Уииь 4jjjU]l j)JJJ^]l L-JJjU^/ jjJllbLll Aialll Д -QjILqj <Jj_Ja1I (_)-о1д_Л jjl . (jiL^JIj (jinllj 
.AjjjLlll UjU£^)a]I CjIjaj]jj <jjijj] l^. Ajjjla j/aW jl ja Ig \a 



. AjjUj AjjjU А\Аилу jjLajIalU ^jjjjSII Jlij jg y jjj-a 7.8 J^jII 
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Fe 3 0 4 (4 nm)-Fe 58 Pt 4 2 (4 nm) Lijiaie (i) 
>Fe 3 0 4 (8 nm)-Fe 58 Pt 42 (4 nm) Lijai. 


jLlill Sialj^s ixj 46 ,*-^>4l ,jji) .Fe 3 0 4 (12 nm)-Fe 58 Pt 42 (4 nm) Lojliia (Cj) 

4 „jLl vl> aII j 4_ub j^£il (jOjLuaxil 2.4.8 

Electrical and magnetic properties 

4_ii jjj£i^/ 1 j-ajL^xlJl ja <C.jijA <Lc.ja^-a J Д_13Лл_а 11 dil A_iuic.l Cllix-ajl 

LoAic. 4 jllvJl <1L^J1 ^Jj (JliijVI Jj-a^j tlLLuj aLj£j LJ 1аз jj .^Д^э^Л 4 jun)aj* aII j 
lJjaI JJjuJI J (^Лха]! ^LulC. j) j£j LaAJC-J .%60 J 50 (j;i4 La A-lA^iaJI (jix-<JI Aj-Uii (jj^l 

l_j£ja]I ^ h^ij 6^4-LjIjja a£j-ui (J£-uj Лт*ч j^*uo]| .ikLj (JlVill <jjc. JjjS Lo ^iL. ^^Э 

f. & l * * 

dilm^ (J£-uj j^xa]! LkLj Jl Vill <iic. c." i"-k'j jjfL LaAjc. LaI .LjLj^ bL-ajA (JjjLII 

jj£ l_jjI ja олс. jI^Loj AjL-£3ja]I I jjxj (jl (jl .LjLj^£ V jlc. ^j-uajs ^ojjUI 4_pLl 

.4 Jlvjll LJLJI Jl JlLijVL (jjjL 

L» A ii]jlul l^llulj L_fljul (J jjLll L_j£j-<l]| (jli i4 Laj» aII !Ljli (j^X-L! (jl£ lijj 

Aliiuij (jj^j LoAic-j . J1 Vill <iic. (jj3 Aja^j^JI Aliuij (jj^ LoAic. 4 JV)» а11 Д_ЬШ1 j!ja]| 

6 & 

<iLia (JjILa (j-o jx i«ol aII CiWLl djLuilLo jj£l j t JlVill <iic. (jj^ Aja^j^J! 

Jj (jijj j! <jjxa 4*W\a diLujai^. Lc. j a >a 1 j£aj iequilibrium domain size jjl ji]l 
4 JL)Iax]1 4 uj)LiLxa]1 Д_а jLLa]! jA I jJzJI dlll (J .iL j . Л i,W ^^-uliLjxa lJ jL-o j jg_la 
jjj£ (jjalLki! ^ IVYj JA) tLajlill 4 junLa j» aII Clll£juJ! J LLj! j ^il! dlii] JJjIaaII 
!L j^J=>l ^Sj .SjLJ! (^gJc. ^_^.jL ^ ijLij » a JL*. (jjLal jj^. LiLj^il ‘La jLLJI 
jL LJ Lsj cL_Lui^i AjiiL]! Ajjj]L (jjjL V Яэ^1ах 11 4jun)v* aII LajLLJ! jl i al L'j^L/ 1 

. Ldajl AjjiLll AjaJjui^JI ^^IjII dllJ л! jaJI ^ L^jJaJj^J j^AJ (Jj t LixJ 


Structural materials 


AujLjuVI 3.4.8 


^Э (jAjJa-o (jL jjL jA Д -ijlj djLjui'sl j^A) сД-оЛДа] 1 ^Э (jjo3jj LJ 1аэ j 
dl]Jj <ja'1 4 irfVll >л~\ ^^Э AaL CllLiui^j ^j (Jjjj (j! ^ Ajui -ч (J jiL lLja 
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Jz- аСД CjCAjCu . ^j\j]! jjlall jA \j u*i i ojjxj-a A ja'n^s 4_ix*j (JLuCijuilj 

57 Si 3 N 4 /TiN — S\ <bic.t j LLLj^ Я*1ь jJI 9 ’ 10 Ni/Al 2 O 3 —II Я^! J 

jj£j] Ajjx-q jl jaII aCA ul juxiVi'I tdlj Clllx-^j .\_ijl_iAj£ ojj^jVI ^Ji jajJ 4jt£ij ЯлиСа jjq!\ 

jjWi ^1 £а! iAl 2 0 3 /SiC II ЦиЗ jjua c 4 j5LiaI jJja Ajjj\j C1 s\_j£ja CjJjI j .4j31j CjU!>Ua 

Ajjj\jll CjIj£ jJI J-oxjjujjj '<a^kj]lj $.1 jjaVI Яа jIa* CjlajJaj ^^Э Cj\j ujVi 

LiLoC. tAjjjljll jjJjLll L_jjj\j\j (J jLall ^^LiLa]! JL^aL^all Jc. AxjUII ;4jjaj] jJl 
L_l]c.j ^lklj]! ^jljJ^VI cJj^-a jaIjj]! <LuiLuj A jLaC.lL Cj!j\jjui]l ^х_]аЭ 

, 55 U jJI 

Summary 5.8 

# * 

ja LLlla jgJaj ^j]! Ajjj\j]l CjL£ jaI! ja <*_uj!j Д-С. ja^ a jJjCa^j (jj^. 

jjljla Clijjia СаЭ .AjjlLjll Aj^.\j]l ja oCjLUIj ДЛЭ^\_]| AjjLujVIj AjLilaj]! jaijL-^tn \1 

L \\\ jj]1 ja LfcjjCj (jLaj Я -jjg ^ а\ 1 ^jJl lc^. JJ^U! ^SVill ja jlAJ ^LaJLtA 

* > # 

LJU. (Jaxj-ujj tA_jjj\j CIjIj^ja oCc. ^Lii! !>1хЭ jj^. cSj . j«a j\ х^тч\1 <сШ jj^Jl 
(jA aCj\i jj£1 ^j] 1 Cj\_A jia '| а\1 ja I jji^ jl jjj£ cW 4 _aj j cAjjL^j Cj\ qjLi'i 

.L_jjjill (J^'uxiaW ^ 4_^.\ja jj£j c_J sjjuj Ajjlijll A_i^.\_j]! 
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(ja fS&l\ 

(j}\ Ajjj£^aS1 c1)Luj11a]| CjIjjIuijjI jj 

AjjjIISI CjluulioSI clil jjIujjjI jj 

Advances in Microelectronics-From 
Microscale to Nanoscale Devices 

^ t Ji-Uuu j J jli jUi 

. l LjsJ JvU2 LjjLsLujjj ^ ^iajil j Ajjbj^iSI A *> “ S| * ■■ 


Introduction 


1.9 


A «К'Д iljja. j-o Яс -jjjJ 4_jjj5Lia]I jjj<J v il ■"'! jjj a!i CjjjJaJ 

J-lLjail 4 C.I 'i ■ 4*4j^ .41 й jUI CLll j jHjoi jil jllll jlxjl _ ] j jlL j .JjVIj 

4 Ial£laj| jjl jl j]l j-o AjIIjja L! i - ч I ^ljjj jji jjx jj jajJI jL-o Lo I jj, j 4 ^ jaII 

Cllljjlaj]l JllL jllJjl 23 j . l^jjl j jjjj jjl jj 4i\j£ ^ Ajljjllj l^aUja.1 jjaaljj]! й j jL-e 

CjI j jjjji jjl j]]| J ajILJI 4jI jj]l diLjjlLa j jLjj .Ajjjjjjlj jI*jI dili CjLjILi ^jJI 
18 nm ^jJI jjjabjj i—ijji j 450 nm j^ j 4 x.jjjJI 4 JLJI Д1л1£!1л]1 CjIjILI J Я1л*!1льй]| 
^lx- J CiJjj ц^]' CjUIjj]] laij 42016 fU JjLaj 9 nm Jjj ^20 10 Jjlaj 
International Technology ) ~C1 j]1 L4 ^>ja]I 4 — aL^*jl Ailii] 4.1 jLI jjjla]l UajLi. J 2003 


* * Jan Van der Spiegel, Department of Electrical and Systems Engineering, 
University of Pennsylvania Philadelphia, PA. 
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dJi djl jjlujjjl jj! aJjI ^LLii !Яхз ciixl L a ла^ .Roadmap of Semiconductors (ITRS) 
j-Q <aiik-Q ^UjI djLW CjI jn -чл ^ 15 nm Л 1д j» Jj^aj djLoilLaj djLI jj 


<jlil]| jx^-ic. ClllkJ ЛЗ A-jj jSjx>II djLjjjjilVI Д-С-1 u-a jl 4^_da! j]l j-QJ ^^llxJI 
. Ajjjj-tbQ jjo djlj^Sj AjjjljJI CIjI j jIuj jjl jlll jjjXft 'uW tAjjjll]! 


^jjj-ali]l CIjIjjjJjuj j!i£! j-o йЛ^1 j d2)L-aj-a]! L_flL-dl Дх.1 U/i djjjla 13 j 
t djl j jluj jjl jjII djLujlLo Vi ajjujLujVI A-iWiiVI ^iljill djjl£j .AjjjdJI l^liajx Ijjiaij 

I лд ~ч jc. Sj^s jjj£jl j .<iilaj (J£l <a]£j]l Vi j tl^js Jjdjll Дх. jjuj SiLjj 

2002 ^alc. ^ djdjjl ^jill dj| j Jjjoi jjl Jj]l ЛЛС. jl j£L jl Л jx>ll jja C j jJajll 
^clili ^jil! jjVI djba. ллс. jjUd j DRAMs Aj^j^LjiII ^jI jjdxJI ilijll djl j£li 

. ^оЛ^! j jjl 4л^. £.Ш jjJjujjjljj 100 £■ I jd j^AJ 4_j! di]i U_al_daJ .LjIuj 


djLj j jifLiV! jjii-uiA Ljujjjj I jj^ ^jjjliJI di! j jIuj jjl jil! (jiji dj-ujj 

(CMOS (_^j-ajjud]l djljjjjujji! ji^ o^jg * aII 4jjj5Lia]! djljjjjujjjljii! c'iLj лзз .<jjjL]! 

tAjjliTiJ djLllua! djli j !л^. 4 J dj! jll j djLajhi^ jjgJa J! djjl j cAjjjLl! 4 jW 

.l_g_! L.W j ^L^ ^>Ai 4 _AjJax]| I^jj^La (J,Wij jl Sjj-l^. AjjjL <jLj j! (_jJc. j 

5= s ■* 

£.Lj] a jj£j 1 л jliic-L AjjjIia]' dj iLj j ji^iV I j (JjjaJuJ! AjISj Ljaj! jjxjjuj c__fl jj^jj 


jj^g'i (jjjj j! л» y'uAull j-o jjj] j . ц il i'^ujaII <jjiLi! diLj jjj^JVI CjLqjA u 
djli CjLq jA'ia j $. jjuii ^jj AjjjLl! ^jLjIL ajjjSiaII diLlij ]! j di! jjLuj ji! jil! 

dj! j jijui ji! ji jjjs jj ^jill t Jjvwll AjjiLl! di! j jIuj ji! jil! jiaxji .ojjj£ diLHjj 

diljjlujjilji 1 g'ijij djj^. jj JjLqj iJL-o]! Jjjjuj 4 <jjiLl! jjjj^ll jjjjLVI 


1 Ag A JJ JAJjudi! dl! J Jjjuj ji! ji djLlj.WA J (J-QC. ^-Э -IxJ ILi .O^JgX aII JJJJAJuli! 


.oAi^W! di! j jIuj ji! jil! оЛД 


. Ajj jSjaII jjjjajjui]! di! j jjjuj ji! ji djLiujLuj! jualjxjjuj! jA jx-^^ll !лд c злд jl 

diii Л jA^j djLujHL! 1 *Ч 1 ^j^-Lqj 4 (JJjAJjudi! dj! J jJjuj ji! ji (jjc.j 4_Ш jjdSLj <■ Ajjujj 

^ilij c4jjjl_i]! jjj jAJjudi! dj| j jJuj ji! jij Ai jiLo]l djLjxj-al! jia jxli-uj u_fl jjuj j - Wll 

AjjiL j-u jaJ-uj dj! j jJjuj ji! ji j ^Ij ^lc. Ojiaj 
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AjUjj J) 4-dkJjlj S Jaj 2.9 

Brief history of microlectronic devices and technology 

W. Shockley g^Kjlj j W. Brattain jl jjj J. Bardeen jL gd j±L\ jl£ 

tjj djl Lc. ^Lij! ^a c 1 947 ^ AjfLaill ^UjII j jIuj jjl jill 

jl ^C-jjj . J j^. jll Jl jg h''i AjjjIiJ' UjLiijjjHV! SjjJ c*‘ i'ar/s J&\ 4_Lujjjj1I ^ILxaI! 
Sj11i^-a]I S jLoll jjlAJI ^Llx-al Lo jlc.JJOl3 if jjiLajaJ! o jLq jA JjLuljjljJ (Jjl 
-l ^. jj Ail tjdlj dLjaj .fijjUI AjjL^I o-iL* ^^lc. AIIiajj <1 j^ui ijuii 

ciilJ aJj-qI j-o jj diLli]a]l j jxl I^LaxjjujI jl*J S.ijaJI Я -JLc. jjlAoj .JuiSI AiLla jjSjL,)ll 

% 

^juAi Ajjujjjj]' dil jlalJ! jmj jA\ <xj3L/I ^u/ij jJ-iahII j ^AjI jj]I Aiui^l 

.<Ll£loll Jj]l Clll jl^ 

^LxjVI ^Ш) ^-LxuiaII £jjj-ajl! ojjjjui ^l jHl ^a ^ 'vj jlVI ^'L^lll Lol 

jjLJ SjjjjuiII олд Jl jl Vj .Fairchild Semiconductor a£jJJ! ^ J planar process 

<llaj-G Jj. W*il Si0 2 ]' c J^^kll j-iajl >лл Jxlujj ^g_a . ^ajjll <LqI£La]I CjIjIjII 

JiMI ^a ^jJaj-o jA LJ Laa j t jLx]l jl jj jl <L.j* ^.Ljjl ^a Lgijilj jl l_jjIjjoi 1] jl*j 
Ajj^Lq ^Jj Ijlaj A^Ul! j-o Luiajl ^jjjLaj^J! ^Ic. La jij-o jjliUI jl£ ^aj .1.9 

. Ь jSJulQ Л u X I 4 j L jjljjlJ ^ lf~L 

J. ^ \\f\ j£l! Lo-iic. 1959 ^Lc. ^a ^ia JLj]! ^ umjll gjjilVI L*! 

Fairchild Я£ jaLI! j-a R. Noyce j^jij ‘Texas Instruments a£jU! j* cKilby 
£±x^i j-o dll 1 jl^j .6^. ^^Ic. <Я1л1£1д11 o jl Л Semiconductor 

^ AiL^jLi! dLjjjoidjll djjlxij .4-SlSjll jji^j ^^g-lc. Lx-q L^Luajj (Ь jjixld d! jjloijj'jj 

jjjXU ^^_aHI £_li-uaLJ! j-o ^Liuixill X-luall SjjjJujj dl! j jlui jj! jjl! j j! J-U! 
Id а1л 1£1<Л! djl jl л]| Ajlij jjlaj 2.9 (JS i'jll j-alL .6 j^.1 j A^Laj ^Jc. d! j jlui jj' jjl! 

. j jlui jj! jj]| £- ! jil! 



. i—jjljjJ! jLuuj! f Uj! lc.Ua jjSAU! Aluj£! ^! H! 1.9 jluJ! 
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(Lucent Tech 

(_>ulji«\l diLijjjjSi] 


( INTEL) № jA* 


(_gjjljil (_jjjLj4a1I 


4 * ,9 *° . ... . 

'3 Ajjjiill 


T cmos л £i jili 

JjVl MOSFET J 


MEMSMENS 

CLWJ^' t >» 

/tlllj jlul jjl jlil 

lTjUjj^VI 
?01 ° SjJJhJI cjbjjj^V' 

2 j^Vl /Алл ja^II 4 jjy) jaJl 
2 j^ 2 k.V l/iJjajj-ajjjjll AjuijaJI 


Ц jiiiill JLii 


.4 \a\ £±a!\ ljI jl jJI 4 JUj jjiaj 2.9 

Field ^^IL^-aJl (Jjjti-JI С 1 з! j jlm jjl ji ^э ^lVi jll сз j ^ix-o <-qj j 

Metal Aajjx-oll jjjoil£VI cij^L-aj-o l «al ^ii Ailij ^^ic. <-LLll Effect Transistor FET 
LaJuc. 1927 ^Lc* MOS jjluijjl jjJ! oj^a Jjxj .Oxide Semiconductor MOS 
^ L_iixji! j^-aj <j! V! t^gJl -ч^И (JjxLail jjliaijj! jj £-1 jill ft^l jj Lilienfeld jUnlj' 
jjil! cjLijjjjjj ciAjI-Ij ^ji^. MOS j jluj jj! jll! ^ u/ii <j jjLJI Ajjill! cjLjx^l! 
jjliU! jjj nil ^iajJI ftjj^J Ajjjjj jl! CjljjXA-ai! <■** \T\a\ 1аЭ . 6 ^1Л 

j jIuj jj! jjI! ojjA La! .jjui^V! jjIw ^ ijj cl^j iijjLaJ! mll ^Jajoil! ciVL^-j ,\ujSV1 j 

cAxjju^a Cil jiaL. jjC. ji-ua j iAliilj LJaLuiJ ^^_Э Ajjaill ^jljjll j jIuj jjl jjIIj LjjlLo MOS 

.^JallL-ail Cj! jl^il AIac-I-Lqj cAj£ j-qJjjia (JLJ jLj -ij^j ^C*J 

/?-channel Aj^j^I! ftLlill jjloijjl jj <xi^a MOS jjluijjljj Jjl jl£j 
jl£Ll (JLj .4u^. j-° ^ci^-uj ciijLcL^. qa 4j jLilll jjSli (jill (PMOS 
jV t(»LoV' Jl <_sji.l Sjiai. (NMOS t_n>^jl) n-channel LJLaJI Sljill jjloijjljj 
^э L_jj5jii Lc.jjai j-o jj£i 4c.jjmj ^j^-^ ^i j jLuj jji jiii jj ^ jjii 1 ла ц^э djLjjjjiivi 

ftl^.! J ft jj£j (JJ j-<ljjj (JJJAJJ jj J JJj-U jj! Jjil 0-оЛ (jjj *L-H J^Jj^ jjlol jjl jj 

AjjujjjjI! a jj-<Jl jl .CMOS (jj j^jjJl jl (Complementary) ^LilLl MOS — !1 * j2ii 

l^_jj£-uj ^Ljjl ^^Э Яэ!_1а L-41g*i,u.i I V ^jjj j-GJuiil djLI jj jl ^jjj j-gjVL AjjIIa (Jjjj-gJjujII 

ЛУп^к Lg_i3 J-GJ (jii! JJXju^a L_JJJJUjllil jLj ^LijJjujlj (4 _aj1x-q 1 g ftjLll jj£i LaliC-^ 

С 1 з! j jluj jjl jj j3 jjj .(AjjjUllj Ajjj5LiaJI (jj^ С 1 з! j jIuj jjl jjI! 1 а^ a ^u/ij jl j^ajJ 
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1 g ‘ia ijxy. La llbj cLnjaij Я^ЦаЗЗ tiljl g "i k ^il £-o AJlr. (J-«iC. <C.Jjuj 0 jjLa"lx>ll ^jjjj-<Ujuj]| 

.^JaLUj jjjj CuLmjLoj <Ll£lJI ujIjIUI jUajlj £uujI jlj ^ju-oMj J SjjLJI AjlijJj 
ClljjLjujVjj 4_jj jSj-Jl ^j jaVI Cul_ajjiaj3 (J-oxJuujj 3 ^jllVJI AjjljjJj CujjjlujJjjjj3j Loj 
4_Ll£lJI djjjjUj Jjl£jlj AiL£ jl V] * jJI ^uJailuUjj Ac.jjui3j Ди31х3\ A_i3jLu3j 

.<1л1£1аЗ\ c_>*j jAjjuilj CjIjIj Яз\3£ j-° I jL£ (Jsl 4_iiLai3j AjjLiilj 

. J» J>-o\j Aijli dlj J Jjuul jjj JJ ^Juua j)A 4ДаЛ_31 J U-o'llj Clll jUxlVi JA .Ij-lxll j£-0 J 

Cliljl^ jjVi ^J] J а>^ь jj£ dliLj jLaxJuuil £-о t Clj j jJjuj jjj jj31 CIiLujLLj «п> Vi (jjlj 

j jluj jjj jl3j ^^C. U_flC.LjaJ iA-uJaLUl Ajjui j JXJj^j (_£•!* ^^ic-j . j Л j»‘i j!£l <!a!£ja 

j-Q J jj jl£ j .3.9 (J£jj3j ^i ^uJaj-o jA LJ Laij iLujL Ij^jui 18 cJ^ Sj-a <ilijlj 

LIL j ^ JJ-° (jjjUj j ilj Jntel AljLJj j- 0 Моог JJ-° SjAlJalj o!a 

CjI jj£l Jj ^(Small scale integration SSI) cJ-J£i3l LjaLLjA <Ll£lo cjj jjj j- 0 

(very large I j> cJ-U£ill aJLxJI dij j( лЗ! Jj ^i c(medium scale MSI) cJ-J£ill LLumjlAlj 
cjj jjjll (j jlmj .(Ultra Large Scale ULSl) cJ-J£i3l ALlill Clijjjjlli ^scale VLSI) 
(Jjl La IjAj t Cjj j jjjui jil jllj c j-° jJjjLJI Clljjjuic. ^j cJ *-» La ^^ic. A-ilL^Jj <Ll£la3j 

.Aili j ^^Jc IjjlaliA CllLojIalA jj^Ja ^Jj 



AlLuuj .Jljj Ig >"ГГ Ajji-uolj dl >1L л\\ uiULnlj dlt JIaj) jjuj cjjlli 3.9 J^uJj 

•ITRS03 2003 ^ J 2Д-ЗШЗ! &J* ЯЬ jU J\ dLijllj 

CJjiIU ^iLJI ^ Ki-JI ^auusj JJ-o jjjli C5^] j3aill <alHui Aljjla (ilLiAj 

lllj jjxl 4.9 jSjill ^uJajJ .<Ll£lJj mljjjj ^lua (J-axlui-Jl ЗаЧИ jiajxll 
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j~\ n c** 1 СЭ jl ^daJJ 4_1 aj бЧ_1х1а1_А]| Алхм jjJxJjVI (_£.1 a ^Ac- Cljl-ujlLa]| 

c & * * 

^£j| tftjJJ j]l oA^J djUjull j-ai^J (Jj«aljj l,jj C(J£joi]I ^Э (Jjja]] l^3jj .VjjIuj X 14—12 

(JcLia] Ls3j (Ja* 1 c^jillj ^jaJI ^UI ^Э C1 iI_uj11a dlJ CIjI jjjjujjjl jj Ajl_g_j]l ^э 

. Jj]l AIaXJjaJ UaC- LaLaI 4 q\j~4 A 




.51980 DRAM S jSliil cjj jaj j*-uj JoujjIa 5.9 Ji<uJI 

Л ^iluajll 6 jjjJjjj dlLjlij jj^iVjj Ailajll ^“4*4 ScLj jj cIxjVI Vj (jdj 


XJJ J*-UJ JajuJjilA 5.9 




c£j .X32 jd (_£jLujj <_^a£I jj (_£jjjuj Lualidjl J^-iu (jiil DRAM % jSlill j-o du]| 

. d^Lua ja]I e_flLx-ajl Дх -Llua] Аа1д 4лЭ1с й j3 dl3^UI AL.jj]l I JA (Jja 
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.<al£ll]l ^5^il (J-ol jxll Ajj^j IjjIjj 6.9 x'lll j£-IaJj 


JjxJj )пЧ\1 (_yajC. 


oj \ '&aa X 14 — 12 j^-1j <al£jll 


CIjI jl£jj| X 19—7 j cAj^llijyi junVl J) /2 j c^ilaj ftjbj Л !л — j 

L_J jL l_A »' jj сз- 5 -^' (_иЧл !1 ,-«,'•> V' (J V] Ajlilll (JLa-a (_J^kl 


,4iKj]| (jiaik (j^i X50 (ja 



Q 2»кт 



• 51980 Ja Aujiu^ll diLalbt Л AfrLui JJjj jJu 7.9 (JSJJI 
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Clll Cjjlj^jl q ta.1^.] j \ I Aijia q]I dujailjj <joiij disj] ^Э j 

X 29 (JlxAJ X ‘ ^_5 j]l J jj* . ^ll CjLaJljt ^ll jjj'bj J J ^)J ^li] j ^jJaj ) j . 1 >.1 

. У . 9 JLill ^jjal j IjJ i Ij^Jjj 


Basics of semiconductors 


CLl/L^Jj 2I Lil^i 3.9 


AiUail JjUaj Ajjjj JjjsjaJI t iuuaj j jaj 1.3.9 
Semiconductor Model and Energy Band Structure 

ji 

.(Si) (JjliU! j* AjjjSj-U! 4-ijjjJ^lV! CllljUlj UjjLajj! jjl! A_nllc. ^xd-aJ 

= c > 

^jjllxl! ^Cjjjjj (Ge) ^ jjjUjU j-Q Д djliuJfldl С1з1 J jIuj jjl JJ LLU ^U/l"l j 

j-o jjjjj L<J Uijj • lS jj«^I (JjA^JI II- VI j III- V JiljS jJI j-o LaA jjc.j (GaAs) 
£j!j]| JjaxII Ц djljlll оЛД ^ J'iVi <9.8 (JSx'jll ^Э ^Цахл]! (JJJ -Л (Jj -^Ц! 

t sLutfajl) £j!j!!j ciilLj]! jjCjax]! j! <^Ge j Si 'I j-o Д_з jt^'ic. djL-aj^ c aL-aj!) 

a u^iLkj ^j!j]| Cjax]! ^э cIjIjc]! t L»-ajjj . ^ As ]!j Ga ]! j-o 4_i^j^ djL-aj-o 

CjI ji jj <j| (jj^. <4_i^.j\d_S! Ц! jIa^ diLj jjfUJ 4 c j^-j a£jjCCq 

CjLjjj£1! l LA'n j . CjLjjjjil! 5 (jaboLaJI j jaxJI cii! j i j t diL j jjfUJ 3 JlJLj]! j jaxJ! 

SjLJ! j^ajl xl-tn Д -Jlc. ^JJ .i-idi ^jj]! jilU! ciiLjjjj£]J l^jL a_i^.jL^J! cIjIjIaa]! 

. ^ jl \ j^ ^l l j 4 _JL±aj^]| 

^Э -la . jj . ClL-L-a j-L! < flL-aj! j^ajl t/i^ 4_ииЭ1_1А] VLj-o jj^jluJ! juQXJjaij t Ajjuj 

jjJjj .Ю ^ ^ 9.9 (jSx'jll ^Э ^ida j-U] Hij tl_jjjj£]J 14 4-C.j-aa-c Lo jjliluJ! ojJ 
ciijl£ tSji]! Sl jj JJ ц -jjil ciiLjjj^V! dijl£ La1£ j .Sjil! Sl jj j j^ diLj j jj^]V! 6 
LiUa 4 _ia£j lJU jc. jjjxljl! j^ojj .б! jillj LLIjjj! (_ 5ji! ciijl£j c jjfl L$jU £ j* 
Ua -^ji j! j^-oj V cojjj^]! ^al xxi^VI ^Ulc. j j^Jt-U! j-o jiajaj]l ^Цхэ . jjjj£]V! 

^lc jj (jU! jA Niels Bohr jAjj jUj jl£ cij .Vm,^ AiUa djUjjjuLA (j jjj 

.Quantized 4 U-aS'n j IjjliUa j! J\ л \\* * diljlc-o Цс. S jjxA<L diLjjj^iyi jU 1913 

•AjjU! djLoilLUI Цо) djUi jA jj (jU! ^qj^SII tUjjlSjUI <х_Ца jc ^u^L I сл j 
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cJL-flji 1 j*s \\ c аТп .V j IV j tlll Saac-VI jjjiii JjjaJl си *J^ 8.9 J^UJl 

.IV jja*J 1 ^l Ge j Si cj!iL-fljA]| 


4 'NjVi оЛД j .<3Ua]l (J j!1uia (JjaAJ jJLl^J Jala jjj jjj£J 1 jl 9.9 (J^ **Л j-o jijLj 

jl ^gJc. j-aL 311 (Pauli’s exclusion principle) J jlJ c.L-aaL/1 1 jxa ^ULij L>a 

^jJL^. (j^ljJ La ^jl tJa^3 jjjjl jjjj JjfJj L_JC> jJ-ujj jl j^A) ДЛ_1а]1 LjIjjJ--iia j-o ^JjJjoia 

jal£j LjjjfUj (JlL^jj iA^LLa CjLjjjoia 4 ( jal£j]l 4iUa^ Aj^jL^JI <ajla]l ^a .i^jjj .<aUa 
j-o IV j j-oxll <_£ j^L/1 dil jj]l ^Ic Ig **i < n ajjj -л]! jUajjj . 1 g ‘ia LfjUl CjjUjjjoiA]! 
AaUa]l ^La£jj_u 1 jj . jal£j dj\j j jiifUj 4 cijl j j]l o лл j-o <J£ ^a j ^. jj <jV (j j j*Ul (J j-i^Jl 

Ul lia j tojLal] J_j jjj^IVI ^jjj]] Д_а1а L_jal jc. ^lc. jUjIajj ^L-^aVl ^a ^JjL Iaia j 
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+ 0 



♦ 

ш 


JL (jr&j AjujV) L^jUjjjiil л-д " ajil ^JxUI ^ i j л''\ ^Lu JjIaj 9.9 JLLI 

Jiu AiUall CjUjIulj j^Jaij .AjajIaJI Aijiall jilSj jjUjjjiJI Ajuji -Uu . jjUjjjSJVI 


(Ajjujjail jjLulijJI uj AjuiUjj jjjjU jjLuU-Ulj JSjjJI 



(1) 


м 


SjjLa-a Cj| j j Jjji i_j jii jjj AjjjL Ajjj jj£jLjiS ^ jhjnll ^^cLj Jajl jj (i) 10.9 JSjjUI 
sjjLajjjl j)J%UUI AAljJ liijUjj jj j jbuVI jjjUii Jajl jj ^Jjjj ( i_j) . jiLSj Jajljjj AJajljjj 
• ialj jalSi jj Jjiil ijj%Lj jjjl jj (jjj Jai. J£ Jjjuj . jalSjll CjUjjjiJI 


jjLJ jjjii .jjj^jLu dllji jjc. jji A_j jjj A_ij ijfulju 'jjjL jV I jajii u_flj ju 

^LuJj .SjjLla jjC. jl CLljjlJI й^ЛлИл jl SjjLll UjLJ jj£j jl jj^jUI 

* Л 

£j3 (j£ l_g_iS S.ULi]l o^jAioi SjjlJI Aj^U.1 Clj^L-a j-o L_fll x^'il (JaxILujj ( _j j!iujjjl j!i]l 

jj^jlxxi ojj (J£ Lg_i3 jjUJ AjjjL ^um (jjjlJI jj^jlxxill .l^jjj .Ai^j IaWjq LtajjQ 
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jj<nL) jjj (J£ tiljLijj 4 4 L<^, L' Jl aj& i£^J Л0.9 (j£dJ! j па' 1 j£j ^dllj^ XJjl 

AiUall djVLa. j La" ^UjjiSiyi ^i ciljLuiill 4 > j'Vij .jal£j jjjj£JL ^xjjNI l^iljLa. 

djljill jj£jj . djlj j jj£]L/ Lj jjliLaJI aji jA 4_i^,jLaJ! 4 qjLall l^_j ^-ja-uia]! ^^jLaj]! 
A_nj <jjjj '- л I jAj 6 jil£jJ! dj\j jjlfUI d]jLoij]l (J^Lk jA Ajjal£j JojI jj S jjl V' iaII 

LnLn ^uJa ja ILAj . jj<nLi,)ll SjjIj e-Ln j^AJ c I 1 0.9 J^ dill A_nj jl j£jjj .ojajjoLA 

. L_J — 10.9 J£**JI ц^-Э jLx_lV I ^lLUI iajl j]l ^ i jaIi 

djljj AiUa]| CllVLa. jli cLdaxJ 1 g ks-j* ) jA jj<LL)ll djljj L_J ji] 4 yj\\j 
4 jjfLLuj Sjj N d]LiA jl jjajjij] .ajjilj ajj ^jJ! diL jc. ^Li]^ l <a\j4j ojj1j]| 

Д -xjjL a jjLll fijj (J£ jV 4 jil£j jjjj£l] 4N Jj£-L Jl (_£jj^ I^Aj 

jj^j Jxuui jjjjl jjijjj£]V VI j<Ia j V 4s.L-a3NI ^gJjL \мл\ liijj . jil£j djLjjj£]| 

jjjll AjUa djLjjjuiA JJ*jj jl J 1>J cL jjj£l! 4N ]l L-jlxjuJ Ajxj j .AiUall (_£ jjjuiA 

jjjjl jjsUaj ^lc. Д-С. jja AjUa ^Jjj-uiA 4N 4-C.jAa-A La tUljA jj£j (** П*ч1 ^Lis jj^.lj]| 

(_£ jjjUlA 2N ^-L- ^lLUI AjUa]l jUaj jja-Jj .1 1.9 (J<> dill ^^Э ^ju-ajA]! (j3j cAjUal] 
AiUa (JjJjula 2N (_^jLUI AjUa]l (jUai j j'Wjj tLdaxJ 1 g xJ-i» i j-o <Lnji AjUa 
^xUajjuiJ ^gJLuJI AjUa]l (jUaj jli 4 jil£j jjjj£]j 4N tULiA jl ^Jj IjJajj .(_£j£l 

jUajll jJ'Lj l_Sjjui K Sjlj^. La.jj jjc. tdlljl 4yj \\ j .LnLjjj£]V! ja~n Lnlx-iluil 

4 jil£j]| jUaj ^^JijuJI AjUa]l jUaj ^^-ajuiJ .lojli (JjlxJI jUaj]l ^iluaJj ^LoLoj ^JijuJI 
jUaj jja^ jjsUaJI jjj jjill ^.ajuiJj .4 )L*-ija]I jUai (JjlxJI AjUa]l jUaJ ^ajuiJj 

.AijxJI Sjlja. J_a.jj jjc. 1.12 eV jjfLLuJ! ^Э AiUa]| (jUaj jja^ jjLuij .AjUa]! 


ljVL -л ja 1\ ( flL^ail ^U^ojUI ljVLaLa 2 . 3.9 


Charge Carriers in Semiconductors 

д 

jjj£j] JaxLuJ jil£j]l LllLjjji]! ^X JA~4 jl ^Jj L_J — 10.9 (J^-uJ! ^■jjAl JjdlJ 


jjianl o ja. lIiL jjj£ll ja. jj V dllj] 4_a_iijj 4 j jjl V'iaII di! jjll jn 4_nsl£j Jail jj 

l" п*ч L_l — 1 1 . 9 (J^-uJ! AiUa]l jUaj a o j£ jj La I jA j . 4_nL j££il A_Jj«a juJ! 
.4пЭ dljani j! djLjjj£l>U j^AJ JJ^. Vj 4L1£ dlL jjjiiVL jil£j]l (jUaj jiLftJ 
djLa_i LJ£ 4 M"iaa J_^.La.ji CnLjjjilVL jJj-AxJ! jil£jl! (jUaj Д -JLa. <jjli-Q j^AuJ! jA 


(JaJ 4_jV 4 1д jA jja. lt^ 1 ^L^L^. j]l jAx^i LnLaJ! dL jaj 


1 j^. ( 13 


x-a]l j^] Ajl . ^Ja]I 
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) lULa (jjfL j! cA^LuiaIIjj .A CULaJ! Uij^lii ^jli j-i^. L) -0 cilliA 

.<£j^J! ^jjQ j^'i'i Lg_il] 3 iLjjJ^lV! u' U^ 5 ^ (_jil! djC-Ludil Asliail CIiIjjJjula 

. (jlla-U! jL^II ajlj^, 4 j^.jJ LjC V] (ju-a^j V jcljjui Lg_i3 jijJJ V (jil! ^JL^J! tiiL j£J 

L^jjlijV л_1э1£ 4 jj! j^. ^Ua UjL jjjilVI j^» i ^WjAj^ iAijxJI Sjl j^. 4_^.jj Ljc LaI 

Lia J AiUail jUaj oj^3 JJC- jjjjilVI jiL LoLjc IlA 1*4 Wjj . (jj^jLUI fiji jc. I^JXJ 
■ W 1 t 4_iL-a j-U! jLLj J\ LULjjjiiy I й Lfc (Ju-aJ 1 a j 1 j .12.9 (J^Ljll ^Э ^uJa j-q jA Lai 
c^lcl ajlj^JI 4^.j^ clijl£ LJ£j .L$j£j^ 2^'**^ C5^^ * >L2I AiUail ClaVU. ja jj : j^ll 
cjjLjjjilVL UjLjjjilVI оЛА . jj^! fij^UI jjxi ^l cjjLjjjiiVI jlc. jL£ 

jA ^LuAVI JJJJ La jl . Cjj jL-a j-UI t flL-ajl ^Э 4_iL-ajAi! ^jjolJ ^1] (Jjjj L^_iV AS j4jUI 

Sjc Lj <iu jj£jj 4<jL-ajAi! (jUai cs^) j^-^-^l (jUaj Су* j^ jjjiLl] 2^ 2 ^Ua (^ 4-jl 

a£j^J! ojjLi ^jj-aj ^—Sjjoi jiL£ji! (jUai UjLjjjLIV! jli l^ j • jiL£il! (jUai ls^ 

L il'sj jjjjLI! ЯЛ jV A 'Sjjj 2 X -^^^ jil£il! (jUaj ^^Э 4 _iL-£ 3 j-UI jl (_^] I jJajj .Ljaj! 
^Э A jL^J-Ul j] (j! . L-J^jjlj Aj^JaI! UjI j~4 jjll оЛА ^AxjJ Ljli i<l^JJ A W L b2jj 
jl ^J] I jJaj j . L_1 jiU! j UjL jjjLIV I j-Q 2^ J^-l 4 ~ч j j 2 J> *' , ' > ^* 1 ^jiill 2^» J-U! ^ L-Vl 
UjLjjjLIV! JJ^JJ (JjLjjj cLij c. '<a\4j AiUal! (jUaj o j^3 jJC. jiL jjjjLi! (J£ 

^jxxjj Lq jjjjS jll! (JjLa j-Q 2^ (_^jLujjj .p j ViaII l_j jilll jj£ jjj 6/i ALj^ji-UI 

./г, — i A_ii] jLLj (^U! (Intrinsic carriers concentration) с£ jA j^l! UjLULiJ! jj£jL 



Jju-ajjll (jUaj 


(41Lk 4N) — u 2N 


V 



/j jfLiLoi S j^Ij 

^jI jj 4N ^ 


•Ec 

Ev 

V. . 

jil^jil jUaj 


(UiVL^ 8) ‘LUa cjbjptle 4 


(^) 


м 


9jj N (1>л jj%lul e jjIj Jj (i) jjSjlul 9jj J AiUJI JlbjluLA 11.9 (JSJUI 

Л- 1 «а. i_jC- jluu ji jSuuj AJLa. 4N ijJc- jiUJI (jlkj j jjau .AiUall uuliUaj Ajjj jjJ .(ujj 

.4N Iajac j jLuu ^jJI jiUjjl juUjjjjj) 
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Ць_а j 2JI (jUaj J 

EC 5 


ULJ1 


(J jjj_aA 

Eg 


-Г— 6 e d 


Ev. 


• • • 
• • 


• ♦ •• • 
•••*•♦• 


uju^! 



jilSjll (jliaj ciiLjjliSL5! 


±djj ^jj (jllW (jjfuiui I! цк AiUall (jUaj S jjC- jflimi jjjjSJJ jfi j J jj 12.9 JLuUI 
.Jaj| jSll £4 jaj iAiUall <jUaj ^Jjaj (I) : SjjIUI jjja. l-iIjj jjjjil! 

t — fll ksi iV Д_а1д SjJ-aa Я -q-uj J^Iaj oUall (jUaj oja -Э (jiajC. jl ^jJaljll j-^J 
j jill ^-Э j-Q АДх -all ь Lfc liiSxn ( JUlUI JjJjoj ^1хЭ * ^ J-*^ L$ ^ U J-UI J ^UbL-a jaJI 

jJj-o-Q 1 g jil£j]l (jUaj o jLq jA (J jlxIU . dj jL>-a j-UI < flU-ajl j Cli jU-a j-UI j (J jl j*II jjj 

JLlUI j . Lgiji jik]! ^JaJjujj V ClAijjj£lV! (j! -la ^i! ojjj£ LgisUa (jUaj oja^j iLoLoj 

SjLa <8-9 eV i AjjLuiUIj <Sjjj£i! 4iUa]l oja -э <j-o J» jj (jU! Si02 ]! jA <Uli ^lc. 

«= * * f 

< ]УзЭ Uj ja. jiaAA Lg_i3 jil£j]l (jUaj ajLa jA (Jj-ajU! t jja! 4_iaL (j-o j .o jLiAA Ai jlc. 

<jL-a jU! (jUaj ^э o jc-Loi! diVLail ^l! Я1 jg ^aii jiii ciiLjj ji£iV! U» ~>j Lo ILaj 
jL^all oj! ja. -Laji ijc. JjLU! tiljluj <-*]]ипЭ Jj^a J-U! и L-Vi Lo! .4jja_j tUjaU! j 
-ЦЭ AiUa]| ojai jV (_^1с-! (_ 5 ^ 6j! J^il CliLajJ Aic. I n*j bU-a ja ^Jx-aJj c (jlia-UI 

Sj! ja. -Laji Aic. LiUal! £ja3 (jj3 jii]L jjVnl CliU jjj£iV! jlaxj] ^iSj jUL o Jji-ua 

.<ijU! 


jc. t jjfLLol! ^ AiUall o j2k3 (jji jaij jjl! < jil£jl! c!jU j jifUJ -Uxjj Jaj 
LUUia-V! 4 jaSII jli !U <^a.!j]l l_i*£-U! jjjijjjai! ^^э jjfLLji o ji 5 x 10^ <ULaj .10 

1.4 X ja-J (JjLul (^lll! Jj-ajUI < ib-aj jjlAoi! ^Э L^jaLU! C_Jji!j]!j cliU jjjibU 

^-ajujj Ajj! jai! LiUa]! jl ! jUjj .(T = 300 K) AijxJ! oj! ja. Д -aji ijc. 10 10 cirf 3 
jj£ jj j jfL j! ja.LLU! (jA (JjjU 4_j\i <LiUa]l (jUaj o ja -Э (jji j^UU diLjjjflLyU 

1.9 UUL_a]I Aic. jjxI LU Lai j <oj!jai! UajU Auji Ailj j4 ja_// dj^Lelal! 

: п ЯлИл]| 


n/ = 3.1х10 16 Г 1 ' 5 х е -0 ' 603 eV/fcr crrf 3 


(1.9) 
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< sLx-ajl LiU ^^Э j • tjLajal U^ jA k J Лл11ал]| SjljaJI Т liua. 

* 

IAjIjS j$JiJ 4ў\\\ djL-a jaII 

п-р=п : => np=nf (2.9) 

* 

.li^V 6 jUxi! оЛД j)A jjj ^ Sjj-aij 

AjjJuUIj AjjA j^JI Cj^Lufl jaJI 4 il^ul 3*3.9 

Intrinsic and extrinsic semiconductors 

L^jU jjLuJI ^a-uiil! ULuLaLj ^jil! LjjU-aj-U! L_iLuajl j!ja l 

Dopants Ui! jU jjJj Lij-ua i L-Vi SjU j-o jj£ii WjV Intrinsic AjjAja. 

j^-aj 4i! djjUaj -л]! t iiL-j jV ^LujjLujV! jUjU! j-iaj j! V! . L^Uj AiLda-Q 

^Jj L_u!jjaii! j-o Libui o jj» j >- o UjLia^ AiLdali . L^-iij 4-L!jd AiLdalj с jj-c-oi! 1 g x-VJ >л^> 
SiLc- l_u! jUl! ullj ^i л^ -jjj .AjjLjj^I! 4_uail >-t\ ^i ! jjj£ ! jiiU u^ji j-U! c d-o'i 

. jj^LUU <j jLLq 4_ia. jUil <iiLai! ^э .la! j j-aalj j j ji£ij j! .la ! j U! j j j jifUj 

jjliU! jjUj P jjLujjii! jl _Ua.jU c8.9 tJ^jjii! jjjU! jj,wil ^ij jj j*JIjj 
* ^ 

SjjL ЦЛ\ j^-oj !Li .Ajs jiUj djljjjj^ij 4 x -^ j^.j JJ ! jjUui cV >j j-a*J! -i ^. jjj 

j! ^^Jj ! jlaj j . jjV I jLoojV I j! ^ j ji! ls - a ‘ uj ^ ^ ji^c. (JUjCIujIj j jLuj ji Uj! jU j jfUlui 

djlji jjaxj (JjUi Ij и*Гз (Jg.Aj.iil j-o jli t jjfLiluii! o ji jjjlUi jjU-Q jjLujjii! Sjj juLU 

.13.9 J ^i i ^ jj i - q i i liij 4 jjllU! dlljj jjaxj (ja_A jji-ujjiil 

djLjjjj£ij UuaL. j-o Jaia djLjjjjilj <xjj! ^ij jiUii! UjIjj <UU ^ij ! jlajj 
aji j-o ^.vUII (jjd-oUi! jjjjilV! jjfL c4_ia.jUi! jj^i^i! Sjl Uila ^(JaI jiUil! 

-U,jj .lic. AiUal! j-o ^xilji! ^Э lJI'Uj jAj .AjjI 'iljj !.la. Jaj! jji! c Qjx a Г а jjLujjii! 

(jjjj U !U j t jjfUluJI *jjjlj JUj 4jjjuj (JijjJlj Iljxj djjLijjLJ ^ i^j U Lijxi! *ij! ja 
Laj 6 1 1 3.9 J^AAiil ^^Э LiLIail (jLkj j-U ^Jj dJ jxibj .Ubj^i! AjUaj-oi! ^jdj ^ij 

(jUaj (JLuj! LiUa j-o !.la. L_lJji jjLui цЛ &jl LS^ j^UL! jjjjflij AiUa (J jJ-uia jl 

UajA jjiuj ji jjj! с^! jj UjU 4 Ja^jJ! jUaj ^ij jjji^iV! jiU !ii .Ec ^-iluaj-U! 

.uu 


358 



(jUaj J jjj JdSLi) 

Ec 




cjLol! 


(_^ J U*1A 

Eg 


e d 


Ev. 




> ujj^! 


Д_ JJ \ XI il 



jal£jll (jliaj diLj jjj^lj 


AiUajl (jUaj jalaa * (ij .A^JLj P lj! jjj c-i ijySuA n ^jj! l-j ijySub (jjfului 13.9 jiLiil! 

•lajljjjl ^jjAJ (bj)j 

# s * 

1^1 j Ljjjfll! AiljJax Jjiuj j3 oji (J£ ^^Jaxj L_fljjoi cAijxl! aj! j^. 4_^jJ .iic.j 

(JjLujj (. .Уш«ч j .Donors Ал1ал_л j! IgiL jji-uijil! dj!ji i— L-ajj !ilj . l£jVi,a 

cIjXqUJ! jj^jjj Nd 4-^jLJ! ci! jil! jj£jj ja^_a n a£j^ja 1! cjLjjj^lL/l jj^jj 

'■n, AjjAjaJI 

п = N D + n t (3.9) 

<L^jl Alc. n ~Nd 'Uj i jj£l jl 10 15 сш 3 oclc. Np u_jj! jjoJ! jj £ jj (j jLoj 

ciu! jil! jV ; dulj j jj^IL/ ! jj^jll LjLui-o i*j ^l c_jji!i]! jj£jj j! Ja^V .Aijxl! sjj- 

cjLjjjfllJ jj£jj ^! (jijj !ca j tu jili V cJaia oj^. CjLjjj^IL VJ ^aLuj V 4_^iLJ! 

п ^ jjl! jA 4iL !лд jj-a jJ! c L-^j t L»-ajj !il . n > p (j! tujjiijl! jj^jj (j-o ju^! 

<ЛУ1 cijLaL^J! lj jijl! j majority ^..nfe Ў/ cijLiL^J! ciLjjj^lV! Aji JLqj (jil! 
((jljAjojSn) Sb — ilj (^jjjjil) As Jad (j. lSJ^-I *— iljj JLutdil jSdijj .minority 

.Liaj! <^iLo cj!ji 

cjjjjjl! (Jjjs (jjjJ! J j.w'! III Cja*J! (jo ojL jjfLLJ AjLujLj 

4j 11L jjjjjl! l^jJ 4i! lA ^ ^ *P ^ J^l (j-° (jj^jLii (__g-L- (Jjx-a^J! (j^<a 1 

(jjlAoJ! cj! ji (j^l jj^j iilliuj L^.!j Ljjj£J! j^L j^ <jli cJaia jil£i cjL jjjfUI 
^_Са j-o jA LJ liij j^. i__ij ijili (j-o ^tiija .Aj^jUJ! 1 g jq iL» cjLjjjfllj 3 

.14.9 Jiill 

! Lfcj .E v jil£jl! (jLLaj (^^-L.! (j* u_ujji £a -tiLt (Jjj-uiaj jjjj^ Sji (J^ ^-ui 
^acceptor level (JjilL! (JjIuia J! jil£jl! (jLkj Llj^jaiu jiil! j>« Ljjifll] j£-c j 
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Лз j jjfUj juiiliu UJUU^ u' ls^) .LaILuj ujuj^ UJ^^ U J^°J ^ ц^- UiL o£.l JJ ^jLj 

(J^IaII AiUa UjbjlulA jJj-Qj сЯз^)л]| A^k^p AUC-J . jVq 1A 4_iAJOlj 

. CIl)! J*1a]| C.1*J jLuia C_Jj5j 1I (j-G СЛС. ^Э U]]Lj <aALuia tjal^j]! jUaj j-o LluUjju£]VU 
: \ IjjLuia Д-э^рЛ ojl^)^. .ijc. c_j j^j]I jj£jj jjfU tillL] 4 ~4jVi j 


p =N a + n, 


Ec 


JiUI (j jIuia Eg 

^.... 

Ev 


-/— E A 


x -*-y- 

• •••• <*'••« 

••%♦••%••••• 

3al£j]l jUaj ^ CjL jjj£]| 

"(') 


м 


(4.9) 



AiUJI ^jUaj jajaa. - (!) .AiJla B LjIjJj C-JjUlA p ^ Jj]| (JA L-JjUlA JjfLiLui 14.9 (JlLuJ! 

.LjIjJI (ш) j 


lilj сА^ л » n,. a£UI Aijill s jl j^. Д_^. jC ^jc. Cjbl J ' ia'I jj£ jj jq^jj 
cluljjjjilV! (jjj£jj c.!*^ (jjLuij tLL^.V ^Unj L_fljjjj LU Usjj 'P = N д jjfU 

• uJ j^ ^La. ^э l_u ji!i]l j 

np=nf (5.9) 

(jLLaj o j^ -Э (jj3 j^4 CluU JJJ^IV! (j-Q 1 n» a I j! cLo jl L_flj£ (jV! (jl^. Lji-uaj cU 
(jUaj ^^Э ajC. Luj A^Ua CluVL^. 1 £jU c4_lL-aj-U! (jUaj ^Э AlUa]! CluVL^. ^LgJj AiUa]! 

UuUjJjSLtyl СЛС. AjxJj .A£jVU L_J j£jj CIjU J j&l! JJ^Ja Л Ucj-O J C jil£j]! 

> # 

^^jja <]Ij Ia«j .Fermi F(E} aJIj ^^ajoij Ал1д aJIj i—a^xj 41 jaS L_ijiill j 

jjlj . 4 I . q ; ^ <iUall dlljjjjaLd jl (jjaljjslj .E AiUa ^jJjoiaJ j j j'+ II (JJyLi^.1 Jl /! -ч I 

^JaxJ iAiUa jJjgja (J^ iaJ3 jjjj jjj^lj ^ jjoj jj^jl j . ? V ^JjUJ л I . ^.Vl l^joi 

: i ^jji aJU 
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| +е (Е-Е ғ )/кТ №.9) 

JUuaJ J jLoiJ (_£,il! Я^Иа 1 ! J jlui . a 4 _j\j L а^)Л_) (_£Л 1 ! J jlijub Ef <*" 

t Ef AiUa !^)U£ ^>J^! E Jj^ U-ljc- Ai! _laa.V . 0.5 *ЦЗ (jjJJ^U! jjJ*J! 

• F (E ) = 1 (jj^J ‘cs^J^ с>° I jU^ J*J-a! £ (jj^J UaJUC-j C F (E ) = 0 (jj^J 

лУп-к 1 Ti^Uj cjal£U! j AjL^ajU! ^Uaj ^ ^V (£ ) JjVUU! AiU£ l_a j*j lij! jja!jjaU 

LoAjc-j .^Jj-ajU! c. tksi') ^э l_j j£ll!j c!jUjjj£JV! Jj^jj L-jUii^J ^^-ajjs aJU JU*iim! 

L_D jU j£aj L kT j-Q L_flU_iJa! AjLjJaJJ ^^-ajjS AiUa j-a jj£! E Я]!_а_ 1 ! A^Ua jj^j 

:-F(£) 

Ғ(Е) = е~ (Е ~ Еғ)1кт (7.9) 

L_J jiU!j CljUjJJ^lV! jj^JJ <jU^J U 1 ^LAjoiJ (jil! jUjjl jJ L_JJj£ij \'лА> ^A-udj 

: cs4j i3*J 

n = Г F(E)N (E)dE =N c e~ (Ec ~ EF)/kT =n ie (EF ~ Ei)/kT (8.9) 

Je c 

p = [ £ ' [1 - F(£)] (V(£) dE = N v е ~ (Еғ ~ Е '- }1кт = П> е (Е '~ Еғ)1кт (9.9) 

t jil£jl!j AjL-ajU! ^iUaj ^э cIjVU -11 jUlUtil! jUiU£i! Ua ^Vy j TV^ ij^. 

.(JjA ja_l! (Jj-a j-U! c U-aj ^Э ^-qjj 3 (Jj_Luia 1 (JjUaI! (JjA jaJ! Яэ!_ 1 а 1 ! J jlubQ jA £• j 

l ^L- aj l Jj . пр = иг (jl Jc. 2 Jj^j (jIa jJI j^Aj (9.9) j (8.9) jjiiblxJI 

iEj AiiLia]! (jliaJ aj ^3 i Д . c 1 ^ jj 3 ^^ajjS i_£ ^Jj ifj ^ji]! jji ^ji]! L_lJj— ajJI 

(jLlaJ oj^3 j-o ^ li . .'II i L-aj]l /j c j4/ P j jiH (j^ 1 ^ji]l СаОаэ^а]! L_flL-ajl ^3j 

.яяи 

CLjLjjajAll L iL-aiV (Conductivity) G AJC- jill AjLa 3 ja 1 I (jc. JJJ*j]l LjLaJj 

:(Carrier mobility) CjLLoLaJ! AjSj^-j i_jjJj]Ij CjLjjjUyi jj^jj] JJb I gL^ jj 

<j = l/p=q p„ n +q ЦрР (10.9) 

ll^js. IaA |J, ;) j jj.,, J ( jjjjLiyi 4 ia. jjj <7 J iAjc- jj]l Яа jIIaII P Jjji. 

(J\ a. ^ Jc. AjjLaj JA JJJ 3 LJ j$AJ jjLiLLI Л (_jjI jjJJI AsL-jaL .(—IjiJlj (“'l i jjj£]VI 
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Cll! j jJ-uiji! jj]I Д_л1^11 ClLyLu-aj-J! L-fll 4-1 xjjLujVI A_ix-aLk]l oLfcj (Ij^. ^x-uj! j 

2.5-2 SjIc- cIjLj jjj^JVI 4j£j^. ^jLujjj . LL^V 4_ujaLij l_aj.uj LaI lla j tl g \a ic. j u-oaII 
j-o jLii]! Lg_i3 jj^U} ls ^ Uj! j jJjuj ji! ji]! u' ^з' j» J I^Aj .l_jj5j]I 4j£j^. j-e 1 3* xUi 

j^JI j . l_j j£j]I j-e jLnil 1 g \°i j j^Iij ^J]l u]]J j-o ^ j^! j j^j ** CjUjJSI] 

<jLujVI jj^jjj ©jl j^JI Jj^.jj dijl£ 1 аКэ .SjIj^JI Jj^.jJj AjLujVI (Jjjjuia j-o (J$l ЯЛ^ 
.Ujljill £uQ A')~\ Jjll Uj^yLoLiJ ojjl JJa]I UjLaJIx^i'JI ^ 'U>11 Aj^J^JI C** uUl^ *ll C^^Jc.1 

Aj£j^. > (Elastic strain) jj-L! JL*ijVI Jj*i« ^Uja^ SjjU! L_jj! jjJ! j-o j 
<c.jj_u ojljj] Sjj^V! <j jV! oj&L]si]| олд c.** J ax*uaiI j . ^4£jVia\I UjIw rill 
a£j-uj ^uuj jjj 6 jj£jLoi]l ^э ^ jjjl_Aj^J! ^ j jj .FET ^gJl j aII jjxiA]! Uj! jjjj-ujj! jj 
^Loic. A-iajjjj .^! jjlAjJI SjjL a£j-u!j ajjILq ^_Laj_u]| ^jjj-uia ^э Si i_ x Ge x a^jjju]! 
Sii_ x Ge x a£jjjui]I aLi'LaII ajjjLI! ^ja'uIIj] SjjLI! (jd_^.! jj3j 

a_£j^J! ccljj] l_aI£ IJaj с% 1.2 j^ij jjliLJ u*j ^_uj jjj c(jc =0.25 — 0.3) 

% 

4% 110 (_ 5 ^и LaJ Cllj JJjilVI AlS^p. ejljj (jc. jjjlij dljAj 33 j .sjjj^ sjljj 

J П (jJC-jjll j^i MOS CjI j jlui jjl JJ {^2 %45 J-^J Uj L-ljiilll AjSj^. a-iljjj 

15 

• P 


MOS J-^j 4uL 4.9 

Structure and operation of a MOS Transistor 

j-btuLlj jjju^Vlj tj-uaj-a]! (. JLuni !j FET ^gil'N aII (Jjxi-o]! jjllujji! ji jl^ 

c“ n*\ j-o ^JaJjuJ AjjuiLuuVI А“п* 11Э . Cj^yLua j-<i]! u_aLu-ajl <C.I*UjoI Ajjuijjj]! AjLiaI! MOS 
jLaXJjullj <IaI£ja]I CjIjIJI j-Q Ai^Luil! 4_ij]c.V! ^U-O IU>1 jA li&J t^ajg Ча\1 

MOS — И (> JLtil! MOS ui^jj! U^ ^ilbj .MOSFET Cj! J jJjuj jj! ji 

. JUll ^UJI J ji^L 1 g IaC. Jj^lii c__fljjul ^ji]! 

MOS Capacitor MOS u^l\ 1.4.9 


j-o ^jjLtJ! Cjjj£]yi u_i]\jj .MOS ^ ^iSa! LijLja jc. 1 * Jnq-a I 15.9 JSx*j\l jjjj 

jl IcCxj-q L jllLui jj5L jl jSa 1 jl (^jj1a]V! jjJS j-o IjCx_a jj5L j! jSx> 1 Jj-aj-o 
Si 3 N 4 \! j-o jjfL jl j^-<j 4jl VI ^SiO^ \! j-e Sjlc. JjlxJI L_a]ljjj .Lj-ula I . ju jLu.i 
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с (jn ^ \kt,A\ Jjjj£]V! S jLq j\ j! ^jjn jjmSjVI j! 

a Jjg » <o!! c aj^J! jc- 4 qVi'N^ MOS ^! ^ V'iS x> Ja,~v j !_л jA !лд Jj-ajAi! «. L-ajj .(Jx-aj-o 

A_nj jjC. Яз!_1а]! JjUaj ЗаЗаЧ a Ц- 1- 15.9 (JS Л’)!! jjjjj .jjjjjl jIaJ! (j/i^jqx^i!! Сп!Ь 

oL^nU 4 _i^,ja CnljjjjilVl Яэ!_1а (jj£j t: L/v\/ill !лд ^э . (j jfLiLoil! j л ujSV! j (j.i*_J! 
l <u*Vi!! ^э ^Vj Ep (^^jjs (jjjjubo j! 3-V^V .Ji^V! oL^nln U^ja jj^S!! jj£jj t^lc-VI 

(jj-o£j IjU*.! ф^ Jaj]| 'P -З^ (jjSjlxj ^JL^. ^^э Я5Ш1 (jUaj S j^ -э (j-o ^Umll 
(jjlanjj <_$ jA j^J! (JjLaA\ jjj AjjIjVI! (jji <jL e_ij*jj cFermi Potential ^ jji 
(jl (jja!jj3lj t^9.9) J (8.9) (jjjULst-U! (jA 4_ij]ji]! аЛД Л },W з jSa i j . ^_ajj3 

,p =n a 

ф ғ =±(E t -E F )/q =— 1пИ (11.9) 

я V n i J 

5JLa. Jj t N в = N л tp ^ jill (j-a SjL. SJLa. J .a jj£JI L_ul jju jj^jj J* Nb 
^.jii] LJLuj ф ^JI j j < ] - ;l i.t il L±^j^ ^g-ajja jjjiS jjfLj -N в = N D w ^jiil 

jjs jjLjuu . /V 4 = 10 17 сш 5 S jjSjSI <jUj jjju jjLuu UiAic-j . и 

• Aijiil Sjl j^ “L^jJ Aic +0.41 V 

^Ui ^_3 oUa]l jUaJ 'j J+^ jj^J t L_J 15.9 J< j-o J_iJji^ j'wQ jS - j La] LEi jj 

jlUI jA ILaj 4(1.12 eV) jj<J uAl (jj]l t4iL j^ (8-9 eV) IjA^ jj<I jj<J ■ ■■" i ; , .,<1 

Work ^ ^Jiuj]l 3Jlu (j j!iubaj £4ji]l (jjluus j;U jji]l jiuj ..)+?. JjLc. j« 

L^jjLiS j l.j-15.9 JSjLII jji jjSjlui]] дФ^ Jx2]l 2Jlu 2-<из ^ЛУп.и! jL«j .function 

* AnlLl]! ji-^! l t 

Ф, = /+^ + ф, (12.9) 

2 q 

Ailk]! (^jLUj (Electron affinity) cnUjjj£]V! Aii! q% 4ja<J! ^пьоп Una. 

.6jjU! (jc. <]j^_un Jx^n! lgn.!c. Jx^a^kj (j! Ajlx^a jU! jUaj Jiuj! ^ (jjjjiU! ^lc. <3^ 
.4.1 eV ^jn-UV! ^-j!jj Ji-'jj а]!л j jLunj б^гф^ а..пЛл.а!! U!jU! Ji-uj <]!л ^-«nan 

^isjlc. (jJ*-<^ lln-i ^Jajoi (Ja (jjjj^lj jLuV 4_ajbU! LnUI oUall J*_iU! <1!л ^ ^ 

.(^jU) 
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t Sl&aI ( J..1 ^Jc LH^) ‘MOS t fl^al ^jxIzLa 15.9 J^uJI 

.AA' ^Ь1д1 1 Jjb jluu» jjUaj bjjui qajI a MOS 

AJLuJ Я-<иЗ (j -й Igjlc. Vq A_n]jill cMOS (. V'iSaII cil jiu) ^ JJUdl 

Jjlxll ^Э lnbj^£ \/La-o AjIjJI 4-LJxa]! <JLoi]l A_il]ji]| (_jia^)aj .Aa^.ja Я -gjS ^J! 
ClalW ijII tiiL j . (J jLJI j (jua ja]1 L Qi.Vi jjj ^gjjJl ^JajaJJ Ллс. 4ja ja]1 ull\ xiill V Wj 

^Jj^aj LqAjc. j .^r,)aiiill ^ic. £uJajjj U_S jjuj ^ji]! LJjijj]l (_£l Jc-Vl UJ^LgL^JI 

t^iiuill 4q]ViA jA L-Jj£]l (juajViAll ^^L^^]! (J1.-4 а 11 J^))aJ cbLi]^ 4ja.jA Vq A_ii]ji]| 
jjjjAll liij t^Jajuill fjA ujjilL Depletion region ujj-Jaj a\W\a $. jjLj Л tilli (_£jjji 

j)-Q LJ ji]L ti]]i] J^l ja]I Яэ1_1а]| (jliaj L1 t\ji ^^lc ^ (j-° «16.9 (JS iiill 

(ji]| (jLujl jJ ЯЪ1л_а (J 2 U JC^/ LJjjJaj]! <llaiA jZajC. LjLma. L)£aJ . (jjSjmll ^Jajuj 

= “U-i 


_ l 2e si 

V «'V» 


(13.9) 


'Fi j t(l. 04 x 10 *" Ғ/сш ^jLolij) (j jSJJl JjUll CijL j* Ssi 4 пч . 

(jjJl liij (Energy band bending) 4аШ1 JlLj <sLbUl aAj JjUI ^J=JI jj^S j* 
LJ juJaj]l A q]a)A (jiajC. (j! JaaV .0 jj£^)]! <jLui! jj^jj jA Ag J 6 LJ — 16.9 (JS111II ^Э 


.^uLiV! 


(JjJuulA JIJJJ 


L Lo^jc 
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Jjia AiUail ^jUaj <jJLUa (!) :Ли л\а MOS < 16.9 JiuJ! 

•AA’ 4J-U3. jaUI ^iaLUI 

. (JijmVI j^j AiUall ^ K'u f-\ W 'il jljjj cjlj-jiujLj AjIjJI jjA^ .Ijjj l-oAic. 

(9.9) j (8.9) (jjjbU-J! (j-oj .2ф ғ i IjjLui-q ^ ^JajuJ! j)j-o£ ^iuaj 4 m л л Laq'i ,ijc.j 

^^-ajoj .s jj^jl! l_j j2J! Jj£jj (jjLuj лУп^ч ^Jajoil! ajc. CjIj j jj£]V I jj^jj jl j^j 

* 

Ajjlji IgJ (jal j-U! <j!jJ! 4_j]ja ^^aujj .(Onset of inversion) jjI^uL/I AjI^j алл 
j^c. ^i <jujjuj SjLj ^J! Amll 4_ij]j3 jjs Lg JJ <j! jJ! AjjI ji SjLij (jjjjj »Vj 4 n»,'l 
c^JaJ jj^ gJ <Jaj^L Sjbj (jjj (Inversion layer) (jjl£*iV! aAA* djU j jjSJVl 
Llj^Ajj .(8.9) aJjL*-a]| j£j ^Jajuil! jja£j dj\jjjj£iy! jj^ jJ 4jLA$\ aJlA_*J! c t \ u*n uJjj 
AjjLuia ^ijj L_fljuj ^JajuJ! jj-a£ ЯииЭ jli cjjjI^xjV! J! (Jx-V> LaAjc. Aj! jjaljjsVl 
jil! бЛл. J! ju-aj .12 A u^i 1 a\I AllalA]! jiajC. jl ^^Ac. (JjLiJJ IJa j •2фғ 

:(_5 jLuy 


2в $1 2 |ф ғ | _ l 4s Si kT ln(N B J^) 

qN в V ^ 2iV B 


(14.9) 


I J 4 u^iIaII 4iUaj-<21 ^^2 Jj^LuiaJ! o.la.j 4W ui ^Jajti j 


Gb =+ C 1 N B X c 


(15.9) 


365 





(jV fl ^ ji]l 4 _±^,ja]1 SjUVI i j ip ^ ji]l A_i]Lui]l S jLuiVl i 

«. З^а! Д_а1_^Л 4_jj\aa]| djUajoi j-Ul .1^1 jl Д_1 з1Иа]1 C1jU_jIa]1 j A_i11uuj 4_ij1I1a]1 

4 )oVi Aic. AjIjJI AjjI j3 4 ylx 11 4_ii]ji (jjLuii .Vj- AjjxJI 4jj 1 ji jA MOS 11 jjlujjil jj j 

J^lll L»]-*a4 a (JLaxJjuiIj Vq 4j1jj]1 4jj]jS Aj1j£ IViSaJ лУп*ч .(Jj3 jil,S»,jl ^Л (Jju-saj]! 

:l_j-16.9 

Уа=Ф м +У ох +^ 3 -Ф, (16.9) 


^jjJal^]! 4<6Lall ^ £7/) 4 W V'ill ДЛл Vj* (Jjtx]l (J j3a сз^” ^-ЗаЛфЛ 4_ii]jA]lj 

Scj^. j-Ul c_j jjx] 1 j c_jil jjuil] 4 yj\'\ .\uxiSVl ц W V‘i LaI .£2 ол .\u*iSyi Vi^ x j\ j 

jjj \ \ J1 ^ЗаииЛ Aic. AxjJa jJa]1 AjSISaII 4 W Jill Qox (j' Ц^ 3 JJ^j L_fl jjui . (J jlx]l 

(jJjj LJlc. t ^JxxlS^l AjILIa ^aJxl 4 -Nj'n CjI W x'ill оЛЛ Ludljj . jjSjLUl J (Jjlx]l 

ли^У! U W ui ^ujqj j^Aj . Ig'n ^ jj jj MOS 11 ci! j jjjuj jil jj (Jac. 

o jVj^k a Cjlj^k, Jij AjjIj , JxiiSl CjI j^k x'i j .JxiiSVl ^ a jV'i^k a ClLl^-ujj a£jVia CjI i^xii ^Л 

^lx]l Si0 2 1' CjLiJa ^ l_j jjxll 4 j^. xxi AiLj£ c_^jLujj j! l_l^jj . ^ j J1 ^Lixxill 

1 IjjLuia £lLU 1 jjA^ jjfL t^jjjl^xiVl ajU Lic. j j' 10 1() cm" j^_i oCj^Jl 

1а£ Уу' <jixll 4jj]ji <jLj£i Lil ^cau-xj La IJaj •2фғ 


V T =Ф„ -Ф 5 +2ф ғ -QJC„-Q d /C„ 


=ф.*-а,/с„,+ 2 Ф ғ -е 0 /с„ д 

= У„+2ф ғ -й„/С„ (17.9) 


A_ii] ji ^g-A-uj La jA V fb j co jj£j]l j <j! jj]1 ^jjcLa jjj (JxjuJI ЯЛл (_зцз j& Oms 

* & й 

. ju^. (Jac. (jji^jl lc^. ^1д <jjx 11 4-iiljiu ^SUl jl .flat band voltage ^.LaxUl jUaill 
‘Qd L_JjuJai]l <llaiA 4 j^kxxill (JjLk j)A <jLuiV1 (JjJjuia] ДЛс 4 n» 11 Ajj]j 3 jl Ja^N 
ДЛс JjU. j)A Ijjc Ljajl <j! jjII ccLa (jcjij . 2 ф/г ^^^-ajjs jjA^ (J^>L^ jA t(Jil ^Jjj 
^ ji]l (_JA AjLujVI ^lc* CLxIa (jjS )lxxl (JLAxjjulL/1 AxjLui]! <j! jj]1 Л JA LaI . Фд/ (Jxxjill 

JajUa j^AJj .PMOS — 11 UjI Jjluijil JJ ^ p ^ jill J cNMOS — 11 UjI jjluijil ji ^ П 
j^AJj . .yux^lj jjSlUl jjj ^jUl ^Jajulll jA C_J jSJL ^JJ^I ^jjlL AjjxII Ajj] ji 


366 



Vq 4jI jJ AjjI j 3 jillaj (JJjjj . A \\я \l 4 jj1 j 3 ЯаЬ1с. Qlmp/Cox ^ ^LUaL lilli 4уЛ/ь\ 
oJlJk j AWjai ^ лУп^к .^JajaJI ijc. Ajlal СпЬ^аЬь. jj£j 4 n»,'l 4_nl j3 (j-o jj£I 

i j 1^Л£лЎ$\ <aj)a ^э <^.Luia]| 


е«=-сл^-Уг) 


(18.9) 


MOS Translstor 


MOS jjiyijSljSll 2.4.9 


jjSiLi'l J Л ujSVI j j^XA^I j)-Q J u*oa\I ^]\,*Ча\ 1 (Jj*iA]l JjUljjl JJ jj^JJ 

j^x^iaII jLniujj jjjjl 7k')A jjjjjL j-^j ilijl jj^aaII MOS <- V‘iSa\I jA (MOSFET) 
Iaa ^ jj .<S LnLn \L>Li4a 17.9 cJ^JI U^j 'Drain eJjmiAllj Source 

Лд]о1а] 1 ^g-Ajojj .6 jj^jll j < fl jxj^aII j j,^^ia\I j 4_jIjj]I 4 flljlal AjljjI j jJ-uj jjl ji]| 

. j jJuj jjl jjll SL j£ MOS II AjIjj 4_*_э1 jll 


(j jl]| jjjISxjVI (j-2 4 jj] ji]|- jUUI CjI jjAAj 4jjjla]| SU1]| jjIujjjIjj 1.2. 4. 9 


Long Channel Transistor and I-V Characteristics in Stong Inversion 


_ij£-c 


AjIjj 4 <L1ia\I Ajj] jiil Jlai 4 jjLuJI ^-LaLUl oLj-ua^lj La] Liij 


< ,p ^ jj]l jA S jj£j (JIa*j-ujI .ljc.j . jjjIS* 'j/ 1 Aljla ^Э a£jVia\I Cj\,Wrj\l jIULa MOS 

ILa L Qfc^TjJ IL] . cjlj J JJ^]j jA L_a]\jj 4o\_ji]l 4K /j Ljajl ^g-A-uii (jj]l 4 ^l^uVI 4_ja_u) jli 

p ^jjll jjjujjjljj L_ft]Ljj 4 <jLja jai ^^Ic-j .(NMOS) n ^jill j-° ^cjb j jjjoi jjl jjJI 


^JjuJ j^AJj . (JjlSxlV I AAlla Cj\ W rj L_Jj5j]I Aj 3 (jjAJj 4П ^jill j-° & j^J o -0 (PMOS) 
£a ^Лх_-1а\ 1 j SjjS j]| jA LjL-aj Ljjl jjajjij] . ^Jj La] Uij j jJj-u jjl jj]l (JaC. Aijjia 
<j| jJI jjj V GS 4jIjJ Ajj] ji ( 3 f]aj \_A^jc. .17.9 J^]l jJfAll сЗ^ J L_flj]a]| 

^MOS \l 4. V*\Sa\ li^Lk j . jjISjmI <а±!а jj£jj iVj 4 n» \l а_п! ji jA jj£I S jj^jll j 


^AjI^VI UjXqIjJ] (_£jl j^JI ^J^I 'Uajujl jJ о jj£j]l j a jjj\S», iVI <aja CllLliuuj ^j\j u" п*ч 

(jA jjS^II л jjLII uj^fj *^ + j jl > <q \I j^x<oa\I jA j jjj-u jjl jj]l й\_1э CjLjjjjill ^Lj 
AilajA jA njjilb ^JajuJI ^jc. Forward biased ^LJi LjaIaI I j\*\ ia £ jj^jll j j^x^aII 
jj\,S* ^L/I <iila jj£jj 4 Sjja 4 j^juOaII ^^Э UjU jjjilVI jA jli^ Jj^j C5 - !] Ij^jj .SUSJI 
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_1*J Laj3 Sjj^a]I 18.9 AiijUJlj ^ 3-ia» a jg_2 CjU^jJI jI^La LqI .&jjj£ Acjjaj 

! jIU -Ла]! J AjIjJ! (jjj Vqs 4_ii] ji]l_J 4_j! jj]l <Jj]j3 j)C 4_xJal_*JjalV! 


Q„ = ~C 0 X (Vas-V r ) 


(19.9) 



.11 £jli! MOSFET jjIuijj! jj] ajJs jj j 17.9 JlAil 

Sjj^ja]! djl_jjjj£lV! ciiisjj cjAx-^a]I <_£-]c. Vd5 4-j^.ja 4_j]j3 jVI 1 YLla !il 

<а1а1л c" l’\"i ^ja _lk jj j j jjfl]j (J£ (JjILq • *•. 1> ja]| jj -ла]! j^j 4 j! jj]I V 1 Vi 

^Лх-Ла]! ^j L_AJj_^a]I j)A jl JJ ^gjj li]]j (jjjjS t J^J_^a] 1 (JA jL. 1 ^^ilj tAjljj]! 

LaAjCj .18.9 joJl j)) 1 a 1! liSj fl jj>-oa! 1 ^Jj jAj_^a]I j)A CjlijjJ^V! (jSjji) 

<]|j U jl^A AjIxL Д -ajUa С1з! 1 SljL! <alalA jl jIjjc! 1 V^aj tS jj» x-o V/)5 AjjI jill jj^i 
Vds j>i^aA]l j Aj! jJI (jjj Ajj] jill AjIxL Я]| j jj£i 11] j ^L^js L^jVia!! CjI w j‘i!l jl SLaI 

• 20.9 L!jL*_a]\j ^ la«,j ц^1]1 

/D5 = \1п C ox Ц- (Vas - Vt) Vds (Vgs » V DS ) (20.9) 

L/ 

jA A_^Lula]1 &j^.j L*_uj (2 о;с j i^lajui]! Л1с L]L*i]l CjljjjjiJVl Aj£j^ |J /7 c.” п-ч 
. (17.9 J^xj!!) l^-ljla ^Jj fil li]l jiajC <Jjoi WZL J 6 jJjoi^V! ^ V'i^a 
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Адк!л]!) JaslI! Jjlalia NMOS jjIujjj! jll! jlni! 18.9 JiLu 'A\ 

. I^xuu 1! A &Li* a j A ^ftiaxei!j ^jja^J! 

<lLalo ^ JJ^JJ tLjjt/ijj' A_£ii j3 a.jljj £-0 LnjUbJ UxjIj !ilj 

4_iil jAi! .^й! Jjni! ^lc. aJj^joij t^iii ^_э j£-ojj . Lujil VL ^^^ijj ji aliii! 

AjJi jii! jli L_fljj-£a-oi! <а!а1л j-o C_Jjiilj Lo! lA W t!l\W j!_lLo jAj-sa-oi! <а!а1л j)-o L_Jjailj 

j'-^Lo jii GD = ^GS — ^DS ^GS C5^1 ^ J^-^J ‘^Liil! 4 W x L l j!LLo A W \ Vqd 
j-o L _1 jiilj ^jil! tiiiliJ Aj jLLo j-saSljJJ L_S jjoj oliii! j-o L_fl jx-a-oi! L_fl jla j-o L_J jLIj A W xi'il! 

J^aJ! ^э jjj-oi! cj^j c ajj^a-oi! 4_iii jal Li!i a L-o jj ji-ni! lIjIjj ciiii cj.jjjj . jAx-a-oi! 

cjijJl JjVI <jjj-oJ! L>o ^-ij-oj ^'jVuJ j£-oj tSljill ^j^j-o l_jj jLj jia!jj3Lj .18.9 
: J A_iLaL.jli! ALlaj-oJ! j\_£lS! jc. jjjxlll! j^-oJj 4 16 13 jlni! 


I DS = [JinC ox ^((V G s-VT)V D s-mYl^) for {V gs -Vt>V ds ) (21.9) 
L 2 


: — j ^^-Laxjj Body effect coefficient ' '^uiaJ! Jjxio J-olx-a jA ш u 


r 

m = 1-1 — drm_ 

c 


. | | ^Sihx 

^ox^d max 


1 /^Si yN в 


(22.9) 


ajj^^ll Ajj1j 3 jo Чл2.1л11 Л n» 11 A_ul Cjljjij jc (‘ij-i^jl Jjjtia ц^1) ^.-■'>11 juu ' ^ 
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L__L^J l^i! VI Ц ох Ли^У! A£LajuJ (^_lc.j D jj^jl! 2 иЦ (J JJjgbQ ^g-lc. Ш 4 _aj 3 Aaj*j 
IjxjIj I bj j . 1.5 J 1.1 (JJJ ^xLiS AxjLoiII A-qj 3 LqI . j)l£-oV I jA 3 1 j-Q Ljj j 3 j j£j jl 
. c-fljx-o^ll j)-Q l_j jiLlij Sljall a W Axi IaaIc. ^ля n 4 La^'i ^Jj LiL^j ^L-iji^UI A_ii]ja SaLjj 

I J oIja]I (Jjia ls^" ^ L'JI ^ Lijm лУп*ч 


Qn = -C ox (V GS -V T -mV) (23.9) 


j-Q L_J jaIL Yd 5 ji^. JAj -Ла]! j)-Q L_J ja]I_J 0 V (j* V dLa]I Ajj] j 3 jjx'n c" n^ 

LqAjC. L-fl Ji-^iUl j-Q L_Jja]L (Jjjl^xiVI A W /j ^аЛхП 4 L_fl Jj-a-LI Ajj]j3 fiALjjj .L_fljj-a-Ll 

Cliiilkl АЗ oLaJI jj лУп^ч (J jAJ j сУ = = y DSat = (V GS -V T )/m l_Ajj^xa]I AjjI j 3 u.ro"i 

Ajj]j 3 jc. ^LlulA jA J^J! l" 1J\ JA jLjJI u-^j J .£JUjJj]! Я11л. Л jjlujjjl jill (JiijjJ 

(V G s~ — ^ Vd S jc* jAajjxlJL . 18.9 iJ^L'jll ^ jij ^^Loll i-iji-oUI 

! (j jLujj ^aujjII ДЛ^. ^ jLjII (jl A^_j 4 ( 21 . 9 ) Я 1 а 1 ха 11 ^ V T )/m 


IdS — \^nCox 


W (V CS -V T ) 2 
L Ъп 


(24.9) 


. ^.ui'ill 4_aLiiA Уо 5 > (V GS — V T )/m A_ii] ji]l (Jjaj 


4 jLo^-A 4— flji-oUl A_L]j3 (JjxLq ^jlJJ V 4 1 JJX k^j L AjIjLI (JjL (Jx^. (jj^. (j^] 


(Jjla ^ i~n ч i L_U-u)jjj A uiVi<all c fl ji^ix>ll A LL» daL j ^Jj < fl jx-oUI 4_ij]ji 'oaL j (jAjjj 

A ~\Aa\)j . Vd S jLj]I aI Ajj 4 W/L e ff (Л-л l__LujLja jLjI! jl ^Jj I jlaj j . JLxil! Aj! jj]| 


iji^i^ll jLj 'i jLc. ^J-uai 4 ^/ dLSJI (J jJa (JjAxj (JaIxaj cii]j 


/zw = Ц»с м 1+ XV DS ) (25.9) 

L 2m 

<^JL-a JjVl Lijja]! jj ^iLai ^^Jc. (jLiLLoJ! A_ii]ji]lj jLi]l L]aIxa ^jii 
diLujliA]! cIjIa ciljjlujjj! jil! j^tnj Laj3 Lq! ..Lia LLjL *iL з cIjIa cIj! jjiujjj! ji] 
Ajixlil! ajAjui ^jjAi]! u^ij лУп*ч .(jLju^-S! ^ (jjLl (Jjc.LLq aL.1 ^ i>j3 d jj» i^i'l 

D jjA-L! j jJjui jj! ji]l (j-aljL. (jjUaj]l ^g-lc. CjVLJ! (j-o jj!i£ (_^Э ^jii Aj^aLxa 

.AjJiJi 
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.<jJajjA i jj£jl! j! LiJajj^! cMOS ^ V'iS^l! ^э a n» !! AjfAjk Llujslj LqaU 
A_iil jil! Ja jjfl a yjV'i j . jjlj ^ a j^x-a-cJI j ajj£_jl! Lj j-a£ jjfL ‘MOS jjUjj! jjl! ^i 
^Ljj! ^э Ai>/>'ul aIIiIa]! (JjJa ^Jc. A-iil jil! j!jjj l_Ji jjoj ib jj£jl! j j.ix-a-<2! jjj Vjg 
Uj! jjxj JjLk j-o <iixJ! Aiil ji ^ jjjj ! Jaj ^2ф^ + V$b J) 2ф ғ Cy jU^xiLH 

iQd AjjJaUl! 4'qLiul! 

Qd = +qN B x d = +^2qe Si N B ( 2 1 Фғ| — V SB ) (26.9) 


\Vj a \ \x !! 4_illji ^jjLujjj 


V T (V SB )=V FB + 2^± 


(2JJC2 ffl±77> 


c 


^(Пв)=Чт(0) + У 


P^fI + Vsb)-^ 


(27.9) 


l_ \J^- c Nsi^B 

7 ~~ C 

ox 

Uj!jLoiV! (jflaljj tNMOS Uj! j jIuj jj! jjI! ^Jc 1jU. 1! ojLujV! jflaij cina. 

jUu! jjxiu j! ^jm^J! (J^xAaj J j*l<J! ! ^^^c-jj *PMOS U i! jjjjoijj! jil! ^Jc ^^JijuJI 

AjjI ji jl JaaLf .(22.9) aJjIx-<J! ^э c__ajx-<J! ж J-qIx-aIIj y j-aL*_Al! Jajjjjj .o jj£jl! 

Vsb Jx+i ^Jj! ^fx-aj <j! j lV$b 4_nl_ajj j-^1 NMOS 1! Я11_а ^i u-aj a /j» 1! 

t jj£! j j£jl! AjLj! jj£jj j! y ^a-uiaJ! (Jjxiu (_)а1д_а jl£ 1 a\S j .PMOS 1! ^lLa 

AjjI ji ^jjj ^ajaiaJ! (Jjxiu j! ^! ! jiaj j . JJ^! & jj£jl!j j.L-a-<2! JJJ Ajjljil! jjxi-Q jl£ 

.<Liai-<J! ajJXj-al! y ^апЭ jj^i ^4 )j* 1! 


Subthreshold characteristics 


4U*J! jjj \шА ь jjA4 j-ULuak 2.2.4.9 


4 <*Л jQ ^ n^n \ л Л. \ c 3 jx-a-<J! jLij j! aLLL! ^LaLuJ! LUajj^! U2 

jj-a^l! ^jJLa jjj JlSjjVI j! V) »а1 LjLuia j! Vy' 4_nxl! A_nl ji j-Q jxj-a! V(J 5 4j! jjI! 
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(jjjl Кл >У/ ^ <а!а 1 л dlllA jj сЬ^-Э V J jJjuj_Jj! jjIS (Jx^a jSl j 

^ic. ^ljiSL a£j^1a1I aA^\ djLaL^Jl I Ajj Lq^Ic. Luilj cWeak inversion c ijx^fl 
Я£ j Vl/all dlLjji^SVl oJa (jJjij . .^unSVl j JjIjUI jjj njl ^JajuJl 
jj£jj .iCixjj .Diffusion current ^ ^jLUii! jLj c jj3 ^l (NMOS jj 1 ujJ >31 jlSl 
•(8.9) AJjI*_a 1] lii j LjujI 4^ s ^-Lajoi]l jja£ сз - ^* 1 ajxjJa]! ^jjllxlV! djLjjjilV! 

jj£L \ x>,ViC. AjI jj]l 4_ij] jiS Ajjuj! <]1j jjS'Lxi (. Sjjk-a-LI jLl jl ^xijJ Llajl Lj^ajj 

I J U_flJXjJa]l (jjj\ S» j^ I ^^Э jLjI! ^g, La»JJ • 1 ajxjJaSl jjSajiV 1 Я]\_^. ^Э j jJjuj jj! ji]l 


w 

/dS = (f//6j\ (jfl- 1 ) 

L 


f kTj 
v ч j 


2 q(V G -V T ) 


mkT 


-qVps 

kT 


(1-e кт ) 


(28.9) 


jjSL сЛа! ja aJxj kT/q j-o jj^I jJj— ла ]1 j c a jx^i^ll jjj <Jj]ji]l jj£j \a.Vic. j 

:<jil jill j jLj]1 jjj Яз1^1л]| ^it^'ij c^LjoiJ Д_1\_^. ^gi jjIuj jjl jlll 


W 

IdS ~ [^пСох — (jn- 1 ) 

L 


'кТ ҳ2 q(v °~ VT) 


q(V a -V T 


mkT 


= 1<>е 


mkT 


(29.9) 


V J J 


(__fl jj-a-Ll jLj jjjx"i\ ^ jljUl Aj! jj]I A_nl ji 4iL 4 \\я \1 jji Laj3 S (Jj-L! (_j a jxjj 

i(j jLujj iji-L! jl -i^i aLLuj]! Я]^\_*_а] 1 j-^j . (clIja jCIxj i^lj лч» i 


5 =mkT/q • InlO = 23mkT/q = 2.3 kT( 1+ СУС ох ) /q (30.9) 


ocLj <J£] 100 mV j 60 mV jjj L» Silc. ajj*JI jji Lu^ ,S (Jj-L! ^jLun 

dj^LoLtA jA \_л1д ^LqIxa (JjaSI .ixjj *m *u<ua] Lxii ^^]^ j **— aLuJal 10 ^jjLujj jLp]! 
. Jj^all ЯЛа. ^gJ] (JSljj jl J jluJ jj! Jjll L^J j^AJ ^jlSl <Sj£jua]I jC. JJ*J JjlujjjljlSl 

^JajuiSl ЛЗс. 4 W L\1 Lwjj (j]S! V GS J^]\ 4_iiSji ^-Xuij ^^Jc. ( \-\~Cd /Cqx) (J-qL*-S 1 (J^jj 
^gi A_il\_x3 jj^I Aj! jJ! AjjS ji jl£ c j*-ual Jja]I jl£ 1 аКэ . 1 j jjSjuJl jjj ^jm\l 
4 \\я \1 jjC Lu3 (JjaIS AjSxaSI 4 а \ч\\ j! La ц Lj^kLLLL jj^J! j-o . jLjS! j3.ii ^э ^SvJl 


jjj Ojlc.1 Jc. <l*c.jjj ^Jc. c_ iu.i_i AWjill jol j-k a£j^. jc. jX^-USl jUlll jA jLuIjVI jlii ^ ^ 

. (^ал. jLUl) 4_i^jl_l. (J jl^. jjlU jc. V t jujLau]l аЛл. £jU CjU^uuJI 
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ciiVL^. jj^.jJ 4 ~4jVi (30.9) Я1 лЬ*_а]| ^э oLLax-all L*iJj ^j-o i^LL jj£! jj^j ul j^-^ 

* 

<alalAil L ViS X) £-о 4c.ji!iA Cif ( ViSa 1 lIjVL^J! йЛА (JjC-Ha A ->.Wi j£uajj . ^jjji! ^Jajuiii 

.Q ЯДьиЯ 

Scaling of transistor dimensions jjIujJI jil\ jbul |>ml 5.9 

UjIj n'utl jklj! 50 Цш J^-j j-Q jjlujjj! jll! jbul Cu^aK 6 j-ejll JJJ -й £_A 
AjjujLujVI jilj^J! dijl£j . -LiiL^JI Ajlajll ^э <jjj\_i]l UjLujIUI ^Luj ^uJaLJ! jjiil 

tjAxil Д-С» JjuJ ojljjj 60 Ahx J_^.LulA j-QjJa UjI J JJjuJ jjl Jjil AiU£ 0 j\j j jLxjVI yj 

Ailij ^gic. Д -ojlalAil c" 1 *ч Urfol jl 4 >jVill Cjjl£ j .o j^l jil 4 ijia jil 4 hV\\ jjaliajl j 
.sUj ^ла^аи jja. . jbVl оЛА Ailii J 2jt3lj Abii. (Systems оп a chip SOC) 

<iajujl Jj tilii jjWl Uij .Ajj3 jJj ^gjjj ^jc*j <J-al jj. J;i*5 ^jC jLouJa C. T>J j jIiuj jjl jjll 

• (Scaling) luilv'ijail jLxjVI ^.i> Vi Cil*l jaL dlSjC. ^jill CjUlja.L/1 j-a Яс. J^J 
lLLc. jl jlajiiji . (J-oLxil Jjijj AjJj-wtilj Aji^VI jLxjL/l j*o ^.1*> Vi tiiijj jjx^a^ll j 
jLxjVI ^.i> Vi Luiajl L. 1->.1 tAjl jjII jja jC. j Jjia «п-> Vi L_jjLa». ^Jli .(X jA ^Ja^jll 


>.1> Vl j£-aJ »Xd Ц -ijUajll AjJajj jjajC j t ox jJu^VI A£Lajuj (Jjj 3 j-Q ^jlll AjujI jll 
A_ni jiil jjajijj jl jjajili .AjjI jill jlajijj jl/j /V# ojj^jl! LLuol (JjVuia ojLljj 
(Constant-field dnLi JL^-o jjc. >j> V 1.1 tilli лУп^ . jLuVL^ (J*LxS! (juijj J-uaan 

a J-qLxS! (_>iijj LLLV! (UjL^ SjLj ix^ ^jUI (13.9) <abLxli Liijj .scaling) 

лУп*ч . J-oLxil (jjin AjjI jii! jjajiVl (jla! jiL 6 UjjIj L_J j-Uaj <а1э1л jla jC ^Jc. JaLl^J] 
(Propagation (^^j-o jl! СпЙ! j!) jLHjVI jjL.L j jLjjI! ^i >.i-> Vill JjcLLq jjjan IvSai 
. oj-e a jl.Vi-Qi jLjI! Я-иэ jjaLUj t(24.9) <JjLx-dli Lii j .Яз11а11 Uii>lg"uJ j delay) 
c. UiiLilj jU! 6 jLLViV I jjL.L j! ^ i» j I 1 а j . Lja.il JuaLxi! jni jj AxjuUI Яи<иЭ jjaLljj j 
L_Lujljjj (jii! 6 a^I^LuiaJ! AjiSJI ojjiil Lq! .jj-Q a jl Vi-Q.i Jij l_s j_uj <>CV/I ^ ^ 
ojjii! ^^ijj c J jl! 4_l^.L U-°J «SjA Ct^ jl.vL.i Jij L_fljjoi3 6 jLniL AjjJjiil L_1jjJa (Ji-aL^. 

. j jj-uj jj! jjJ! ^.i*> Vi 0jLij 1.9 Jjj^J! laxj .Alnlj ^L^LuiaJ! ол^. j ^э ^SIg "udaII 


Axui! j^ jjVixill ^iajll lLdIjJI jA OV/I = CR j 4 jLii! jA I j cAjjJjail V 7 j 4Ал_Л C ^ ^ 

.(^>1!) V/I LajlLdlj C 
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Д -Ljjb SU£ jJ 4J| (jJalj^L jjIujjjI jlll aAAJ 1.9 Jji^il 


( л 1-ч-чМ1 (J-alc. 

f UJ! r ^U'l 

J i**< jo\l 

AjjLI! 

JUJI 

CuUI 

^1*4 ViH <Aul! 

1/a 

l/a 

1/a 

(f OT i Lt W^Xj) jjlaijjl jill jUj! 

k/a 

1 

1/a 

J 1*1 jo\l 

ka 

a 

a 

(M B ) 4jUVI j£ ,ji 

k 

a 

i 

^Uj^ll JUJI 

l/a 

l/a 

l/a 

(С=гМ) UUI 

k 2 la 

a 

1/a 

(Л jUll 

k 2 

a 2 

1 

(I/W) Ajljjl (__>йэ j*J jUll 

l/ka 

l/a 2 

1/a 

(СУ/7) jUUVI J^b 

k 3 /a 2 

a 

1/a 2 

(P - /V) UVnUI S jJall 

k 3 

a 3 

1 

(P/A) Sjjill 4ilU 


oLb ь jj-o j .AJjIj A_iiljill c-LLil Vlll AJj^j (J jLl ^j> V‘i A^jjia tSlljAj 

L_lixll Lol . ->J> Vlll (JaIa-Q £-JJ-° £-A IjjalLii-Q J-aLjj (jLll ftjljll JJ^L (Jjlsj AijjJall 

cJSU-a ^l (Jjjj jl j^-oJ (jlll Ljjiill AjjLj^^II JjtoJI ^Э ^,1>*пЭ Aijjlall оЛ^_1 ^ jll 
^j> v‘ill j cIdIj ajjI ji £-0 -п> Vill jjj ^ig-i Ullo ^xjjj I il . di! j jIuj jj! jjl! Aj 3 jj j 
cillj Jxijj .(Generalized scaling) ^LxaI! ( j>Vil L ^^ill !лд ^g-Aujj tdjjL JL_^ £* 

«. q1“i*n^ 1 ->J>Vlll C1 j!>LoIa_a Lo! .4lii3jJjj Яз1 3-all A^bL^liuilj jjiujjjljjl! <C.Jjjj <1!LqV 

^xjjuiJ ^jIxj ^ jjJjujjj! jill jl jialjiaL cl.9 Jj. 1>11 oLiax-o ^g_3 ^J> Vlll jjljla 

.(jj3 jjjL^xjL (Jaxj Ajlj c Д_с« jjoil! 


j jjjuj jjl jjil ^Ljjal! Aj| jL! J jL j a_l«iujV1 lIjLuujII a i> Vi JaL^jl 4.9 J^L'jll jjjj 

AjI jJ J jia i> V’i Jj^al Л£Э t J^ t'till ^Э AjA&Luo-q j^-aJ LL LSjj . ‘LlLxll djlc.jj_ul! dlljL ^э 
l!j! j£! i ^э JI£j^V! > i> Vi j-Q ^gjJaLLl jjil! ciil ii i» u“i Jaj_ul jl л!л lc-jjjjj j!i£l jjj-ujjjl jill 

dijl^ 4jjxj_-al! CjLJLx-L! jl ^jll juijj-Q IL^j t(DRAMs) a. jfi i-aljjjl ^il jjjxll LLajll 
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jJ^Lll jj i — 19.9 J^ll ^-*La jj .Cll^L-ia jL! i— flL.,Vil Ailijl 4 £j^-LI й jil! 

<Ljj]l ^Jj AiLjal сД-С.1, u^all ^i AjuLolII AjI jJI jLajC. йЛл. jl jLjI! (j3-L j 6j-l£l! 4iL£j 
jjjli LjjSj jjVLII ^>>v4j -^l^» L»q"i^\I JgjJaaJl^ ujjIj JL^-<a £-о ^j-v Vill ^jjaII 
^LLL! cJJj j ^Д -L j^L <c.^uij Cjjljjli oj^il! 4iL£ Lal tdijljl! (JLa-al! л^с. aj^^jII 
1 jJaJ) jLuJ! (jS^J j! J jl j .4 j! jjJ! (JjL ^aJ^-^J Ajjaj jjiiij jiu-^aJ ^aJ Д_дЛдм\! бЛ^. j j! ^Jj (J jV! 

Lua ji&L ciu^aljj AjIjjI! Ял-ш j! jj^. ^i cCjjIj JL-«a jjc. Vi ^ <j jjli L^* jii£L 
& л u ti^V I A^Lu-u ^i^kVi j-Q jjui! jL *L! jjII cJ jia ^i\Vi j! ^Jj Lj j^. cill j j j*j j . L*i jlL jl£ 

. LjaJ) Ajjiul! e^.jl ^jj^J! aJ^-^jll ^gJjj 



0 (цн) 

— ul!i JU-s *-& aJI — 4JjUa (JaUU)) Яе. LUI ^ja^J) Ujl^kjj 19.9 JbJI 

SjlM UiljS (lj) ‘AjIjJI Ajuuj jjIUII j 5jI jJI (ji j& jLJI (') • ; UUa". л» Jajialil) 

Alil jj Jxj .18 ^AjJI (jjJ .4 jIjj 1I Jjial (jJJIj I ■» 4jjxil jjJ La OjJij JjlxUI 

.(jlJiluil jjJ jj JjULui) oJA JLaxluil ^ jjuuail jjfr jj -IBM 


^Jl 4 -ч U 11 dljljjl .aLsHaII 4iU£ jLsJjl o J ILjLail Ajsoj oijII . '~ '1 fljjjaj £. JjaJ £-GJ 

I^Ljjl сД -illc. o^li£ ciili cl! jL ^-boL-saj ^Jjj tAiLLl! Ll^l g‘unl <jjflifl-Lo cl! jjl^jjljj 

c<Ll\j 4jj1 j£ ^ic. ^ )-ч Vill ^ a 3 ^-ьиш jjjJ oj^il! iiliS jl 1.9 J j^J! с?л «Ij^jS 


^ j-ajxjQ-N II 4_^.j ^Jc. Д KLiix>ll оЛА l.*' JVi Jlij . ^ax-L! Vill Aijjla Jc’ 4 unnj 
jjl! ! La jLIuj! I ij j . ^ 1 00 W ^j J 4^-ij La l^U^'uu'i ^! <*j jj-L! Aj j» <^11 LjL^JLxaII 
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i jjj^ Ajjxj-all djUJbt-<JI jli t^j'sVil' 

-IjdJ (j' ^иСа' j]' (j-o j lA-jjjjS' djblc-li-a]' ^ aCj^.juJ' oj-Ji]' dliL£ (j-o t_jjjij 

jjj Lo S j.i3j Я]1хй]' Sj^il' Л <лу< ^ i*n. •n. ^ - 1 ^ * i -v \ 1 » (. * ^ \ 4 w nl , ч ' 4_]^jabo ^ш -aj c__fljjuj 

Ja u-a j t А_дЛ»л\' a-la. j Ajj]j£ jiaikj cd^L-a j-a]' L_flL-aj' AjIsj jjjmaJ (Jbla. j-o 4 \\я \' 

S-lj-laJ' ^^jjl' J tLg_LoC ^»ЛС ^Lj' ^i fij'J' $.' ja.' (jc. Aj-jxll' ^JaS j t L^jaLjJ An» \' A_jj]j3 

dia_J' ^xJjJa'j-o (j-o 'эма-ч Iajjc j AjILxS' a^li^l' С1з' i djLLnJ'j t С1з' j jIuj jj' jj]] 

JjJ' A-jjgJJ jl' 


Small-dimension effects 


jjJu^l\ jLuVI JjC'LLi 6.9 


SjJaaI' Auuall >n-s ^in C j jliuj jj' Jj]' jLlj' Lau>» ^i ^Ja^j]' с__АЛД L&-<Lj 

Vi\ Aj^L Aijjla j3j ^J-uil]' Уз\' j' ^x-aj .Д -Ljia]' oLi]' AJla. ^jlS' 1 g t.^\ 

^gic 1л и*|'з j-aiall V CljLIajujj-a]' jlaxj jli tlglijSjj jj Lgj'j (JjLj jjJ (jA o jjg Уз\' jlxj' 
jA j . jIxjL/ ' 6 jjiu-a]' С1з' j jJuuj jj' Jj]L dlj jia' Aixa (J£Lu1q ^Jj (J j Lo ' La j c -Ija. jai 
tAijjJal' j S jJj-ail' dLil' jjclLo j toff-CUITent (Jj-ai]' Alla. jLj jLjjj' J^LouJ' cSllj 


16 


o jlaJ' dL jjjilV' j jLj]' AiL£ cLc j' j 


£jJ L jLj (>илА4 1.6.9 

Scaling of the subthreshold current 

V Ajli iV G = 0 Aj'jJ' ajjIjS lL-^]' aJU. jjlujjj' jll' Jijj Ladc 

jLj ^g-Ajqj cAjjx-q ьлА ji jLj jajj tAjjxS' jjC Lq aSL^. Л Jiijj (Jj ^LK jLj]' £-Lsj 

Axjui]' j' 'jiajj »Vq = 0 jjfL 1 a п*ч (29.9) aScLxa]' A_jla*j LL liSj tjj -ай]' ДЛа. 

AjjxS' jjC La <]la. ^i ljjjjujj]' jL j 1 jj -ай]' aSL^. jLj c'jjj ^x-a c'jjj С од: 

^J Cljj AjjxS' AjjI jil AjLjV' t-JJjJuij]' jLj Ajxjj j' tilSi JJ U-flLlaJ .Llaj' ^Jau^jl' j-a 
oLA j ул LaJ' Ajxjj . Vi\' Luuj' AjjxS' jjC La jLij AjjjLa]' cjjiS' AiL£ ScLj 

Jla-A Ljc ^паиал]' oLjaja' Laa JS' jjij AjjxS' Ajj]jS c,** 1»>адЧ cojLiS' CjLjj ^i ajLjS' 
acjjuj AjjxS' jjC Lq Sjca AiL£ cjjjj' cia c AjcI u*a\' dl^LjjlS liijj ttiiSi .dnL 
й jja AiL£ jli tAa jjJ' 'ЛА jjxij ^aJ Lqj .ASlxil' ajji]' AiL£ 6 jLj j Дс. jjuj j-Q ' jjj£ JJ^' 
liflj c20 ПГП Aj' jj' (JjSa ^jj-aJ Ladc ASLxflS' S j jiS' AiL£i AjjLuia ^Ju-aJjuj AjjxS' jjC Lq 
La jLj jV tA-jSlxS' aj'jaJ' dla.jJ dc L jjuj jjjj AJlaJ' j' ja. .с__з 19-9 (J^dlS 

ciS .ASlxiS' AilJaS' Cj^jj cLjj' jA jj£' AcjuuJ oj'jaJ' J_^.jC cLcjL c'cjj AjjxS' jjC 
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4_iXJ 6 jj£jll jU^jl SjU j jl W A \\я 'I A_£il jil (jjjjimLA (JLa*Iiiujl (Jjj3 j)-Q CjLliij C*’ 
j\jj jjj <jJajliLi (jj'qVil ^^juiaJ! (Jjxi-o (Ji-U. (jn) <JJxll <jj]j 3 o Unj jl jiajiLj 
t^jJai^nU! Sj^ill CjllniaJ ^ .AJlxill jj C- j Albtill Sj^ill Ц -lJJ jJJj i jJ^Llllj JJJJjujjII 
(Jjjj AjIIc. Уу 1 ^lc-l ^aji Ciali CjIjjJJjoI jLiiklj Ac-Jjulllj A\-\ x>>j'l L_LaJ 1-Л IJlc. 


.Jd 


jLn Л 


Hot electrons 


S jUJl CjUjjJ^JVI 2 . 6,9 


Ciulj ^Uj^ (JLan> Ajc ^Ja-anl! jli cAjjxJI jjJ Lq jIjj JJij jl£j ^aAxl 4 -NjVl 

sUill jjc. ^jUj££]! JL^aI! Ujjj lil .AjIIxJI Ac-jjuiII djli djljl.il] b.wx> jjfL ^ 
^Э .Ij^. J-UI dllij AjjILq Jaj^l* jaj LS^~ 6jJXu-all jIxjL/I (jl j jJjuj jjl jjll 

jl <. jjL-a ^oll J-lL-a-Ul (j-Q Jjjjj (jill jjjj£bil j£jJj .SUill 4_Ljjal! djl J Jjjuj jjl jlll 

^qjujj .AjL^3ja1I (jLLaj ^ ^Jc-l AiUa CIjIjjJjuia ^Jj JlijjjJ Aj 31£ 4j£ja. Я^1_1а i t ni‘i£ i 


ai A jj AxuJaJ < Ьип£ jj -Hot electrons o jUUI djUjjj£lVU djUjjj£lVI 

jjju£VI j jjfULuil! jjj = 3.1 eV) AiUal! jj^U^. jlj'jL/ 4 j 31£ AiUa djUjjj£lV! 
j£.U jvUj 1 g j>>i» ) j£l ;Aj!jU! лас. cjU jjj£1V! ajjIc. 1 ^yfj .(15.9 J£ dll) 


<jjxJ! AjjI ji 'i^Uj ^^j Aj^ja Q ox AJLxil! ^jju£V! 4 w U j* djlwdll .ijjjj .u^sSfi 
(j* .Ijjj Lo IjAj ;Aj 3 JuuaL^J! L_iljll A ■sj“ l i'i ^jnll ^_lajuill CllVU. JLC. Ldaj! U^jjj .У т 
AjUxI! j£l .<jjx1I jjJ LojS S jUjIIj ^Aljil! (juajl (Jjaj Ш ^uui^l! JjxLo Laj3 


qjqVi ^lc. (jl-jc-Umj AiiL -л AjLUj (_^i 


JLaXJjujIj 6 jjg Vlll djUajuJJA ^JXU-a'n 
.<I£jula1! оЛА cUa j 


ci j^aII (j^ ^LUI j^laJI S jju^aill SUiil Jjc-LLj 3 . 6.9 

Short-channel effects and drian-induced barrier lowering 

U ^^Э Aiju-a-oj o jAxuoa j SjJj-aU! SUill (ji j jJjui jjl jjl! <j! jj dl jl U"n 
^Э 4 jjx1I AjjI ji J-laj ^jil! Ajla'iUI dllj A W U Aja£ Jij dllil A y jVi j .A n^nUI VqlaiUl 
.Aj! jJ! JjU j-a^Uj <jjx1! AjjI ji (j-a^Lii Ajjjuia cojJL-aUI oUil! С1з! i С1з! j jJjjj jj! jjll 
jjj 4 j)ax>ll 4_nl jilU Lnja. J.W*'n Яп! Jjl! i" 1 Vi AjjJaJAl! лИэАа!! (jl 20.9 j£dill ^idajjj 

. jAl-^aIIj < ijx-o jall 


L_Sjj-£1a1I j j-lL-a-U! 4_L-aj j-oxj LjjlLo l^. IjJl -лЭ <j!jU! (JjU ^Jj-aJ LaAjC-j 
<U aiA (j ja£1I (JaI£ 1I ^a£anll (jn Aj! jJ! j£dn V -13 cAjjJaJAl! <ilaiAll jiajC.j 
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1лА . j.L-*aA]l j)A L_JjaSlj SUill jAjJa 4jj]jaSI ^Э c 4_ii]j3 jSjj j talji]| 

I ja j c(Drain-Induced Barrier Lowering DIBL) c-i y^. iaII jc. ^USl j^.L*J! j >ijVji 

^Lq^j! j U— flj,k*o,aSl A_nlj3 2"-® AjjxJ! jjJ Lo jLj SjLjjj t Ап»Ч AjjI j 3 j>ijqV‘i ^£jjj 

JJJ^ L_JJjjalJ jLi] ^■Ld^jV! ^]]Ь (jJjjj . I XA jj'l U jl'l^ll L-fljx^X)!! J j-lx -лл]! 

Lfc-la. ^Jj JjU-oSI AJajj ^a-ui^Jlj SUil! <а!а1л jjj 4 _э1_ш1а]| ^J^ VlJ .AjIjj]! Ajj]j 3 jC- (JajjoiA 

*j jj£jl! jj» kst ijx jiVi jjajC. llWlj ILAj iDIBL ]1 (J jxi-Q ^j~4 Vi j^AJ 

^loVix) jjc !c.jj jl tL-fljx^-1^4 j jAj -ла]! jjj <aj3j 4 \»^ijj t^aliai] SJj^Iuj AjLoijjj 

j jijq Vi jl . ^4il!i£]| j ЯЗ j]| jjli lc.jjj sljil] ^^^^.ujIjSIj ^jjUJI jjALalVI l_jj1jjoi1] 

(J Jx1a]I CIjI J jJjoI jjl JJ ^kj -ч Vll <JjoJJJj]| Jjjill Л^.1 jA DIBL L-Sjj -ла]! jc. ^aJ^.l_l]l j^LaJl 


.ij j^_xa 1 ! jlxjil AjjLuII JL^aII 



jAa^a]! j Aj! jj]| ljaj 4 l^VmII 4дк1д]| jjjj MOSFET ] ^LLajC jJoLa 20.9 JliM 

jlufljdl lAJj^j ^l <и1]а1д]1 Адк1л1] Lj ja. Aj1jj]| ljaj <Циа1д]| Адк!^]! jjjj .L-flj^all j 


.Sju^ill аШ1 JjcLLa ^J! AjJja iL-fljAfl- 4 ]! j 


Narrow-width effects Jjuall (jaj$ 4.6.9 

JaI£ ^glc. 4 ju jill dj|jja]| ^JLa. AjIjjSI C*‘ 1 V 1 L_JjjJaj]l 4д)а1л j)JajC. .ViaJ 

л w L)ll jLpj! iutii 4 \\я II 4_il] ji jljjj! Л tillj jjjj .sUiU ^jL-ia jxJI oLaJVI 
t*j jjx-aall ftUill jjxLo jljC. (_^Jcj ‘(17.9 ^JcLxaSI^ L_JjjJaj]l <а!а1л ^э <2 0 ^1 

jl^ L_JjjJaj]l <а]а!л] jJXj-a jjajC. (JIaxVujLj jjjJa]! jjajxJl jjxLo ^j^Vl IxVijl j£-GJ 
4_£ja. AjILxSI 0 jj£j]l AjLujI Cljlj jJjudA Jiaj t(jj£.l 4-la.lj jA . ^ojj^jlS j^jljud <jLuj\j 
AjjujLuj! 0 jj£j]l AjLujj 4 Jja 4 *мл* 1 £ \ ajUxII c.** i^k U^il ILS . jjjl£xjV I <Liia с1з!>1а1^Л 

.fijXjuaASl lIj! j jJjuj jjl jiiS ^Lia-u^aS! (JaxSI jLojJa] 
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Velocity saturation 'кс.^ЛЬ ^luu 5.6.9 

j£J .^bj^£]l ,JLi_a]l fiAjoi £-a l^jla aSj^IaII Cll^LeLiJI <C.JJUJ a^ljj l \,Л VVi 

acjjju I »“^l L» ciLiLiLiJI Vaa"' 4 ( ciilj j jj£WJ E = 2xl0 4 V/cm) Lj5 JLa-LI ^jj-oj LaAic. 
v sat (_s^Lc tjJj CjXoLiJ] (Drift velocity) cjjaJI <cjjji i_L-=jj .IgljSj^. ^llTi j 
.sljSll Ailai» 4_i jiii] 6-6xl0 6 cm/s j CjljjjjSbU 7-8xl0 6 cm/s ^jLoJ 

Яс-^Л .(Velocity saturation) Яс.^Л ejAllall ^Sl 


L_a2jjj A '>jVi j .^jAjoJI ^bj^lll Jl>JI ^ iH>ii Sjjj-aaJI oljill Cjli CjI j jIuj jjl jill 

^g-Laxj i лУп^к j .L Sliiiil J^ia ^г, u-ojj L_fljA-a-«JI A_£jJ j3 й jIj j j\_£jJI jjJj! 

! J l-l^, Q JJl-O^II dljail (_£J J jluJ jjl Jjll ^Э C_fljA-aA]l J 1 ^ 


^Dsat - c 0 , 1У V sa t(VGS ~ Ут) 


(31.9) 


AjI jjll (Jjla jC- jajjuiA jlnil jV J jJjuj jjl Jjil Aijjla ^Э jjjJ Ijfcj 

u*n ^JL^. ^ jlnil ^ax-aI! ^ H*nll -чМ1 JaIc. (JjLujJ lil »(Vqs ~ Vj) 1 Ijlr^ £JJJj 

.(1.9 Jj^JI) & 2 /a jo V^j /:/a Яг. jjaill 

Source - drain resistance jAuoaII jjj Д -ejlidl 6.6.9 

fijjj tilij L_l±ujJj .4_L-a jl! (JaC. Vi luJajl jjlujjjl jll! jju! ^J-N Vi jAjJaJJ 

A_iiiji Ja jjA R,, LojlLai! оЛА ^jJjj .1 fl ji-o^ll j j.^-oaII jjj 4 1 ~ч jx-a\l AAjlLai! 

J_Aj\Loil j^Ajj .^1^1 u3! j,*ii-oa 1I i jjJaj <j! jjl! jjj A-iiijii! jikj R s I DS (^jLujj 

.OJJ»,t/»ll Sljall (ji jjlujjjljjl! jljj ^ JdJ^ J-jj Vi (_£Jjj (jl VAjuiluijil VlLiiiai! 

^ jji! -ЦЭ jl! CjjL-a jl! ^Э *jjJXu-a Ajjuiiu^a LqjILq j j Vil Д ~ч /j ja]I CljljVilll j-o j 

.Ljjji IjjjjiaJ j! ClljL-a ji! tilili ^jjLjli! 

Doping fluctuations ^UaJjl ^jc- 7.6.9 

^ l.la. ‘jjJXu-a i^JJxJI AjL j3 2-lV ^! Cfiliiil <aiajA ^i L_Jj! juii! 4 _ia£ n-o" 

l_jj! jL3! cillj ^э! ja j j^c. ^э Ajj! jjudxil (j^jjj .‘jjjx_uail djLojlLii! cili c!j! j jjuj jj! jji! 
^gjja-j iL/LiS .” ji .1 Jl jj!Lj:jj|jj jji a y'i. II 4 il]j 3 Llaj^la . ", 1 У/\",-ч 1 J| 
^jjLS 1000 400 nm lSjL-li Lg-Jajcj 100 nm <_ sjLuu CLl jj JjL jjlo,Jjl jj 

J! l_LI Jjjj]l J^C j-aiLijj 425 nm Jl Д -jI (J jl 3 .ад jj J .l _1 jjJaj]l Aliiia J 
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c_il ja_iVU Cj! jjlojJjljill l_d!jajJ! j.ic.! djljjlij jc. jjxj .aLL 120 j^L 

1 1 ja_i 25 nm Lg_l jia <j! jj a_ 1L c_i! jaiVI Lli (JjLjj cl_jj! jUdl! c^xl (JjUxa]! 

ja a f\*W ajj! ji djLi jlij ^i jjiljA jjjIj <lj Пла jjj^ jjli j t 'UjLi 120 j-o 

oLa Jjiij jLu .<jjx1! AjjI ji Я -oji c.iaj "LjjLiAl! L_jj!j2il! ccc. jV t jL Л jjjj-jj jjl jj 


La j! jC. ^ic. cAjLaxj вШ! 4_ilaiA ^^Э AjLujV! 


(Profile) <jjA aJAj^aij cili jlijl! 


SUSII AjLoiJ <jja ,w"n . (Retrograde-doping) S jig TaII AjLuoV! cijli Sliil! <1L ^ j_uaaj 

Cljljjxj Лаг n cillijj . j-axll fijjj £A A_lllc. ^lj 4 'lA jA oJj! jjA AjLoiJ j£-ii tiilj 

.AjjxII AjjI ji ^i L^J jxLc vjl Sljill jc. ^jLujV! 

oLa j Л5 nm (_ 5 jLuii l^iU ! jj J! jU! diljjlujjj! ji 4 3 jL jxjau! ! jLI (j j^. j 

L_aU-ajl ШЛ A_iljj! jjjlal! LajL ^Э AWaII L Og II ^^Ac. l-^ Яа.УПа CllLujliA 

cJLaI!) (International Technology Roadmap of Semiconductors) (ITRS) cij UajAl! 
Jjjull jA UjUj^£ <ljL л!±1а Cllli <j! jJJ £_jj-a Ijjlujjjljj А_1а1с. <1Ua C-_UaJj .(21.9 
(0.8 nm jLci AlLxill ,\u,iSVI a£Lxj) 1.4 nm (jjLii Lgli^Lm j,\Ui.iSVI Aijjjl! j 

<llA ^xa cl.la. Aii 3 j c_i jx-aA^ j«lx-aA <Lajj t C^xJaI! jjLLoill jj AjIjjII Jjjifllj 

djjUl!) L! jjI! jj^U jl£ j . 0 jjk-oqll sUSll jjc.liA уЛ aLiil! <iLiA ^э ДЛа j* >>»a 
^NMOS Cj! jjiui jj! jjI! <^i 0.29 ps j^i l^jUjj <j! -i*. Jj ! jj*- ^ giUl! (CV/I ^^i-ajll 
^-Cajj !L j .0.8 V (_£jLjj Aj^xi LlIjS .lic. cilli j cPMOS jjLijj! jil! o.68 ps j 
A_i_ujjj jl! AClijl! *Lj jlLaj ^lc. (JjlxL (LxjVI AjjUjII) A_aJa_uiAl! jj jaJjuiI! <jlii j! 
j j!jc. ^lc. c. Л»*Л1 j jg *ч\1 jj cj jA (JL ^j <L.L LUa tciili £_aj .^Ш! cixl! jbL. 

• ITRS 1! c_i_lfc jjiaCil Cll! jjloijj! jill ^-jjj-aJ Cll! jjjJjji j ^jAL-oj 


CA jjlc-jj) jj 4JUj ^u-jj :Я^Ш MOSFET _й Л) jjiuija jj 7.9 

AjuUill CMOS 


Nanoscale Mosfet transistors: extending classical CMOS 
transistors 


АсЛ u-ol ^ajuj L Laj tdiljjjui 3-2 %30 j^ n j jjjuj ji! jil! Lxj! c** и-о\< 


Ailij cJ^ c__fljLla jl! СЛС. j! ^ic. (J-saL (jil! JJ-° jjiU £JJJ tlJ CllVu-ajAl! c__flLai! 
cCljLajAl! c__flLai! Ailijl A_lljj! jjjial! iiajLl L^jj .!j^_ui 18 cJ^ 6jx c__ac.LallJ 
13 jL jj-aj iUill Ac.jjaA VljUl ^laxjl cc_JJjil! jjiluiAl! ^Э Vill jaj-uij c_ijj_o 
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^^laxj . 2 2016 ^lc- Jjl^? 9 nm Jx-aj Ajjbjj3 V'jial j ПШ 

^Э ( )<ilij]' ZjLu Лх-оЧ j .Ajlllil' 4 _jjoj 15 L LgJ LiiIaI' ^Jj-uLujV' djUaj-uj^l'j LljUllaJ-J' 

Cuil£ ^ji]' DRAM 4 jLij-J' ^j'jjaJtl' ilij]' aj£'j 4jlk Ь jla^. c. Qx-oi jjajC- Jj-l^-J' 

A_Jlx]' Ajjxj-sa]' dlL^Jlx-A]' ^juAi Ajlaj j' V] . ClLjL-a ja]' L-fll x-Vi' Ajlaj lJj^ -л LikjjLj 
Clj' jjjJjoj ^Аж <хЭ'л]' oji]' ^ Jj]' (jLoJj ^JjL-J' jjil' CllLljjXj-oJ Л 1 л dlC. jL-uJ Дх. Jjoi]' 

.Aao^ijjft]' ^juAi" 

S cAcjjuJ' Д -JUJ' A \\ cAJ^ii A-iujLuj V' Aj'llVJ' ljUILIa]' 2.9 Jji^ll 

• 2 ITRS 2002 JjjiJI ЯкцИ isij 


Jjxj]I (JJa]I ^gic. L-JJjiil (JJa]I ^gic. 


2016 

2010 

2007 

2005 

2003 

2001 

AnUtll' 

22 

45 

65 

80 

100 

130 

DRAM II sj ic jl & jL»~n i 

(nm) 

13 

25 

35 

45 

65 

90 

^UU! Д.С jliax>\l <jl jA! J jL 

(nm) jij-ail 

9 

18 

25 

32 

45 

65 

^iLxJI Д -jjLjjiil <j!jJ! J jL 

(nm)c5ji-^»]l 

0.4- 

0.5 

0.5- 

0.8 

0.6- 

1.1 

0.8- 

1.3 

1.1- 

1.6 

1.3- 

1.6 

(nm) <jalLaJI ju<^V' Д£Ьии 

c" lAIU л — Дс- juil <j]lc CjUjJaj) 
(Ajj» >ro 

10 

10 

9 

9 

8 

7 

t^LolV' dlljjJ-OJ ^-jjlubQ JJC. 

28.7 

11.5 

6.7 

5.1 

3.1 

1.7 

^ic. Ajji-uaJ! c"ll-y\l»x>\' <C.Lj JJjj 

(GHz) Aili jil 

8848 

2212 

1106 

697 

439 

276 

^jjio-a ^iU» <alaj Jii jjjjjjjl jj 

(uj^U) 

0.4 

0.6 

0.7 

0.9 

1.0 

1.2 

Vdd (V) tMjjaui! ajj] ji 

288 

218 

190 

170 

150 

130 

j*_ua]| ^ilxji! ^^3 Oliai! "u>il 

(W) 

64 

8 

4.29 

2.15 

1.07 

0.54 

(Gb) 11 aSIS J CjIjj jjc. 

DRAM 


.a£-oV' «iii ls^ C 5 ^ j ^/ u AiI' Д_Ь 1 э Jjl^. л^. jj 

.^-jjj-alil] Aijla Ai jj*-q cJjl^ jj 
. ^-jjj-sali]] AAjla Aijjx-o (Jj]^ V 


.(^A.jU]|) Ailij ^ SjjfiLa Aiaiua jfLi ^^ic. Алс.1л1а jfLoJ (JfLuj j» Ajlfljll ©Jac 
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Я -j J» u^lll LiLaJLxAi! ^Э Ci! J jiuJ ji! Jj]l djljljj (Jljlal 

(Jj,w\l ^^э ^uJalj jA LaI 1_аэ j cDRAM II £ jJ*»^ «. iuaj jA Ijjj^ 


ji-k-al CIjLujLLaJ 

.2.9 


CjIjjjjjJ 45 nm j-o Ajjbjjill jjlujjjl jjll djbl jj Jl jlal j-a^Lii jjuj 

(J jJa ^э чк jjll ILa 21.9 (JSiill ^uJajj .^JLil! лкя\\ ц^э 9 nm j^i ^! ДаЛ^ IaII Д_21аЛ 

t^jjalj j^ L<2 La3jj .Ajj» i^ill c!jUJI*a1! ^э aJaxjjoia]! Дх. j ^J-iaII j AjjLjjjil! Aj! jjI! 

(j! i a u^iIaII djljiuJ! jAA^J! J^U. jnuti (j£ 0.7 l^jLaj JaIxj AjIjjI! JjJa j-aiaj 
^aLc. ^jia ^jLui]! IJa jaJjoJ j! ^Э jJaI! (JAj .!>Li-a! IxijJA jl£ Laa jj£! AC-JjoiJ 

^jauaj]] 4_ajjj j .jjiiuj ja Ciljiui Ci!>lj (J£ ^jajal]! L_a jjuj LjCxjj ^2005 

jii£! ^ua'i l_a j-uj jjLuJ! ^А^аИ cidi jj ^jill s jj» ^11 cLuVI Jjc-liA jli t jiLaJ! 

< i jjujj » ^ J iW Ci\j.W l j jaIIj e-Ljjja]! Lg_uajij ^ji]! Cj,w 1I (jioj C Sjjujj cLajjJaj 

i__fl jj-iaA]! j jCj -ла]! jJaLiAlj oLjil] a,Vq» a <jLuj! CilliA jA-dali ^jil! SjLixa]! (JjLaJI ua'i 

. j jiuj jj| ji]| £.1э! jjajiii jA ojJXu-a]! л1_х_221 (JjC-laA ^X-Ia] 4а2Яа JJC 

Vill cj-ia. 1 g g *ч! jj ^! A-iujLujV! ciL,wj]| jAjJa jA clajLuj jjj3 jj 1 аЗ Lijj 

IgiA j t L—U^uilll CLii jL±j 4_uaLaJj cAij3j]! Aj! jj]| CjjujI£!j tojJj-aall olial! (JjcLa (J j-uaa]l 
c4_L-ajl! L_JJjjuij iA ,\\я \\ jjC La L_JJjjoi j i^AjA^ll (jiil! (J j*1a AyjW Aj! jjI! L_JJjjui 

jj£j]|j IjuAc. jLaiAl! L -Д jx-oaII jjj ja.1 (jLlaj ^Jj Яэ!2а jUaj jA ^jVJI jjJxl! j 

.olia]! jjA^ ja.U. JJC L_flj-uaA]!j jC_uaA]l jjj jjoiIja]! ^gjjj]! jjjxJIj t<jl_uuj/! A-f]Lt]| 
(JaLxa Lili Д -L-lJ э! JAJ Si0 2 ^JLuJ! (JjLxJ! jC. 4-uaLxJjujjL] Sjjj-ua <AJ jj£j LU 9 j-ujj 

jjA jl-Axi-ujl j! ^Jj Ijiajj . L_JJ Jjui]! LijlSilA jjaxj Vll illLj 6JJj£ ^^JljJ^ (Jjc. 
Ла.1 jjfLj L_fl J^J jUUI dlli (jU (.A \\я II jjC 1 aj 3 L-JJjjuil! jLi Cjaj £-1 aj V SlJl^. 
oAajxa jj£j L_fljjui ^jauai]! Cj.la. j! ^^Jc. JjLn ILbj . ^Jauai]! Aa.j ^^Э J_Ll_gi]! Cj-laJ! 
l_jj jjujjI! LiljLi ^C. !э jj^ <daiiiA]l ojcal! Cil'qjlaV jiajli l_a jjuj j t djLajilaj]! ^^Jc 

.AjJLtJ! Дх. jjuil! djLajilaj Lg_uajij (j2! ilL jA ^Alj-ua ji&! 

^iLxJ JCxja]I jjSjluill jA Д-С j u-aAll Aj! jj]| Cjjjflij j! iil]j ^Jj L_fll_uaJ 
j-aiaj La ILAj t^jlaJI ja _2 jjjjU! jluiViLjj L_Jjj_ai]l <UalAJ 4j jV^aII CiLjCj. W aII 
э! ja ^Jj J_aLa i]liA jj£j <— fl jj-u iiij] A yj\\j . j jim jj! ji]l Vi ^Э S-ILa]! (JjC.l_aA]l 
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diljl£ijjV! (jj . cJlc- (Jjc. (_£^ ^^Lj^ Jjlc- ГА.-ч ^JI a.li. 1 ^. Д jv'i» x> <j! jj 

dll _j jJ-uj jjl jj! \ & I ^V I ^Jlc. L_fl jjoj 1л jl j-q j Clll j jJjjj jjl jjll ^_jj (JL^-a 

.бЛс .1 j]| Clsl^Lj]]! jlaxj] 4 _и 1 з 1 _ 1 л ^Jj 1 -aj 3 j . jjILo]| Ajjjlj]! 4 _ijjjj^]V! 



Ajji ал \\ LjI'^IU jII LjIjjIujjjI jj Яс j JiaII j AjjLjjA]| Aj| jj]| Jljbl Ljlxi jj 21.9 J^uJI 

2 ITRS 2002 _J itij 


Silicon on insulator (SOI) Jjlc ^ JjSjLL! 1.7.9 

jjl£j Jc. l^n n a jp CMOS [JujjUjoJI -'jb 4 c. l u -^l Ajtjl_ial]l 4 Q \ j Ll l l * lUi^' 

(Jac. Ac-jjoj SjIjj JJ d j-Qj-ubJI <L^.L^J! (jl VI .ILLuj ^jjja jj Lo uj^J ^ 1 

cIiIajoJ! (Jx^. fiJJJjJa (Jjj3 (j- 0 1 g jlc. <1 jIa LjJ 3 U u.oji Sjxj-aa]I diljjlajjp! jjI! 
j-o . jLill] Uia. (ji-ij ^g-lc. (Jjj-sa^J! Ajxj <jJaij-o 4_iic. j J£-^ jjV' J 6 jjiuua Ajllila]! 

^^3 j jJjuj jj! jj]| UjIjLj jj£j j! <jJai^_iA]l (Jji-uli]! Sjj3 UjLDallA ^ x ji“iVi (jjil a_i^.L 
UjI j)-a'U]l ojA jji^j ^Jj-aJj .A_i]lc. <jjc. Jjg_^. (JLaxJjuj! j-o jj^Uill a jjxj -^э (Jj_*aa]l ^JLb. 
^Jc. jjliUI <jlflj La! .o Jjg » л11 ^JjujjJ! jjj-GJjui]! <jlij (JLaxj-uiL <Jjxj-a Uuj! 4 х>>з1 VUll 
g jj',,,1 1 CjI jjloi jjl jj jj bj*-« j^jia (Silicon on insulator) Jjlt 

IgiLLx-o ^.lc.j t^xa'vll (J jxLg (j-o 1д jl4)j (Aluajll <xjui] ЯоиЗ ^jjL c. L-o'Vi (Jjlc. ^Лс- 
I LAj . 4 y'ix II (jj^ Laj£ 4jlA jill j jLjI! j-alL-a^J -li^. (JaaJj t Я_аЛх1\1 Jua3 (Jjj-a^. 
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CjI JjIIj 4 )a'I SjJSII CliLaAiLaj ^^Э lj!.la. (JjL^ jjSjLxil 

. j^ajx-ro^ll ^->j (^C' ti-ijj^l dAclxdV! 

* 

jjSjLxil JA <<jj3j 0 jj£j ^ic cJ jjfLiLui! JjJJAJjoI CIjI J jOjuJ jj| JJ ^^jjj 

д 

JJJaII jS j 4 jjfLiLui! ЛиЛ1 ^gjlj JA <iLalC. A-Lajall JJ 6 jj£j]| jc. cJ j*jj ^©jjlj]! (jcLa.VI 
^э .cJjLi ^gic. jjfLiLui! Ailij j jvi jljjjujjjj jLijjJa cjlLiA j .22.9 cJ^*^ (^ 
jjj£li 500 O C j^-i llc jjSjLxil ^-Lajuj (.** ) V) jj> xnSI Claljj jjj 4^ijV! Aijjial! 
(Separation by Implantation of Oxygen j j> >* iS VI ^jjj cJ*- 3 ^ Ajlij) jj^Ju лиш£! 
AljjiJ! ^s-ujL sLajuia]! t^jj^L/l Aijjla]! ^э La! .400 nm j^-l a^Lajujj SIMOX 

л 

Ailijj jjjLA (JaC. jjc. j^jjjjA daljij AcjjjA a-Lui £ ja Ailij JaxuxH^ cSOITEC 

^ilxS! jj>jj.^jgil jj£jj jl^A ^^Э jljflLSjll C-L-^ii jj^-uiil Ixjj . ^jL/Lj A^jx^'a AjjIj 

. Л UjSV I j j3 jjKia'I j jfLiLui! jA <Ll3 j <iila jji£ jLj 





.(SOI NMOS) Jjlc- ^yic- ^jSJui ts j o-j"! jjJjjl jjJ JU Ijfr jbi. 22.9 JSJII 

s > 

A^Lajuj ^gic ^.Ijj *4i]ij 4 jjJJ^ ^^Э cJ jLc. ^ic jjfLiLui! С1з! j jJ-uj jjl JJ C. 9 u^aj 
jla jC j j^J 4 1 Л> <3 j 3 j]| j jfLiLui! djLijia Я]1_а. ^^Э j . AjLujV I (_£ jJajaj j jfLiLui! Aija 
C5^] 'l^j 6 *л1с jjfLlLui! A^Lajuj jA jj£! J jJjuj jjl Jj]l б!лЭ ) Vl L_3jjJai]l <alalA 

^ic jjSjLxil jjlLujjj!jj ^Э Ia! . L-JJjJajli! JaI£ (JjLc (^£- jjSj'^ii jjJjujjjljJ jjj^j 
AjjJ o jj£ j]| ^^Э <alalA ^ic c5 jj^' 1 dLojuj! jjSj'xj.) AiLla jAXJjujJ^ )jx jaVll ^J j>i! (J jLc 

.©.liL^A 
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Partially depleted SOI Ujj* d* Ъ1 а Jjl^ 1. 1.7.9 

cAj! jjS! C_J j-dai <а!а1л (jja^jxi ^^lcVI -l^-SI цл dLjail jjjfLiLuiil <aja jjj^j LoAic. 

^ Jjll LiJ j> U-Via\I (J jlc jjlAJI Ufi*J .LiJ j> U>>‘lX> <j\j J jJjuj jjl jlll L-j-uajJ 

^jjujjJ! ^jjj-gjjuj]! 4аЛлл) a^jLolq Aj^JLx-q jV t L/LaxjjujI jjLc. ^ic. jjj^LL Л djLjLaj jj£! 

jjj j-gJjuiI! .^juiaJ! (Jjxi-o ^llxi! j b jjx i-all A_L-aj]| <juuj AjaLlaj Uj! jj-aJ L_L-ajjj 

^x»i>\l jp-Lj ^j Jjj jj]l (Floating-body) ^ ^LxSl ^x»i>\l ЯК -uLo 4_>! jj Lj j> uiViA'l 

* # e 

fi jj£j]l ^Э CIjLLqL^J! оЛА j jHj . <— flji-a^ll A qLij-a ^Э jj\j]l jjjLjj UjLL-qL^. Л 1 ] jj A > jj 

j^j-a-o]! A_L-a j] Llaj! jLaJj . A \\x II Ajj] j 3 j-o ^aJ Ц -^J ^um^JI jjjA^ j)A jJ*jj А-<и\л]| 
(JjLaJ jl-AXJjujV U^AJ . JJ^I L_JJjJuj CIjIjIjj ^Jj AjJja LiaLa! Ь jl*\ *1A ^Ju-aj jl ojj£j]l J 
auul^J! j & jjA jl^3 ^ic. J JJ^! Au^LuiA L_j\ 1X1*4 jjXlA]! cii]J jLj j' Ь j^jS! 

AjLsjj Ax j i -— 1 a\I djljll]! ^ \"i Vi tdjVLJI ja AjJxS! . jjLxS! ^^^Ас. QJ^W 

^LxS! -mj'vSI jjc-LLo jjki a_ixj a fc-— 1*1 ojLcj ^j Ljj j> ^ u>» ' iaSI jjlc. ^.ic. jj^jluiSI 

\jjja. ^ U-a ' iaSI JjLc. ^gic jjSjLJI jijxj i-a j^-j ( “^L clj>j *^ C 'J •6jLda]l 

. 0 jkS! J Ajj] jiSI AuJail-j-j! (jj jAJxJI dj! j! j jLixaSI ^jjjaJjuiS! jC. \jjxa LL^J 

Fully depleted SOI Us Jjl^ ^ j^%luJ! 2.1.7.9 

^jjjjAJjuiS! jjjjujjjljJ ^Э AjjxS! jjJ Laj3 A_ij]ji]!j j\jjS! j-ajL-a^ (JjaS Ц^ -Q J 

( 22.9 <SjLxa]I jkil) ш ^*H>\! jjXlA (JaLxa jV Ljjij \j]\jA j)jfL u' Ч U> 11 a\I 

.!л> jiaJjC. jLtiS! L_JjUaj]! A_alalA jiajC. j! jLjC.! (_j£aj Aj^ diSi .Ljjij 1 (JjLujJ 
jLj Ца 11 jLj> £A Jfll 4-ijc. Ajjiji JLaXJjuj! JA Ajjxi! jjJ \_AJ3 jjAioi! JjaS! j^AJj 
ja jlii dliAjkj]! j j3AaS! l jl V j • js! 4jlil AjjS ji JLaxJjuj! ^aJ цл j c L-JJ jjujjS! 

olil! djli dj! j jIuj jj! jjl! AjjL>jL/I LLj> > u>ijA\l JjLc. ^^Ac. jj^LLJI JjcLLq 

а\_1Э JjC-Ua ^jj L-ij-o .\1хЛУ1 jjlkj L-i jx--ia\I j j^x-oa'I JL>a jV diSi .6jjj-aai! 

jj3j UJ^jL* 1 ^LaC. JLaxIujL <il Jjij 24 fijjduA jjjlij A-d j . 23 4V bjJjk -аЭ 
^LxJj j^AJ t20 ПШ cJjLuij Aj^Lajuj jj3Aa ь \ла .juxi^l j c 2 ПШ j^-j (JjLuij 4j£Lajui 


ojUa_il (^jc- jjU. ^jc. jj%LuJ! jjlb-ojjljj jjA^ jIa'ic- ! ЯАИис ц^А ^jlxit ^jjijl Ai£_uiA ^ ^ 

aJ jlxl! o ju^jltj jjlui jjl jjl! Цл L Vi^A jj^J (jxi A Uuiil! jiL j ^^J-a! ja. ^aVi LjIjIaC. ^ic. j AjjLuJ! 

.(^a.jld!) 4 j 4_1аиа-й]1 
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AajoJIj • 20 nm Lg_i3 oLiill J jla (j jLau ^^jLI ci! j jjjui jjl jj] 1 j)A £ j.u.^q]l aLiill (Jjc-ILq 
J\J= <JL J i jaJjuia juj] (Jj3Aa]I .junSVl (jl iiLjla]! oL^J oAi^jll a jjaa]! 

(j! ^Э ^.l\'{l Sjj-G c*]]j C5^J -Jals <j! jJI <а1а!л ^ic. jj-aJiiJ Jj 6(Jjlc- ^Jc. jjSjLjl 

J_ajLLa jj^J ^! (J^jJ Ч 1 <qx II <. Sjj-aA^lj ^Лиал]! (jJaLlA £a t(Jjlc. ^ic. jjSjLnll 

4 i<q j i\Lj jj3.lA]l Л uuSVI j jjSjLaJI e-Luic. Л, W*'i i j . (. SjuaJlj ^.Л-ла]] £ ji».j--a ^jLoiLujJ 

^ixiV'i ^Jl (jljj Lo IaAj cA_i]Lc. Jilj 1 .og iau^a j^AJ dLijj iajj^j ^ic. *L}JjL]^ 

j jxi-oj o jj-u^a]! Slja]! (Jjc-LLq <£j3j]I djla < iJ-ill ь'л& С iiS'i j . 1л^. <aj3j <joijl Vix> djlLLi 
(Jjlc. ^ic. jjSlLnll ^Jj-aJ j! ^3 jJJj .DIBL <— Sjj -ла]! jc. ^.Ljll j^Lail ^jjajikj 
. J iq u i aI I ^ 30 nm 50 nm j-a AjlSill ji*J £ JLJI ^jjujJI Ajlaj Lj_L Ч ualJI 


JUiil 



Ьл (_ji ojjL (_ji Яе. jjjJI ^ jJL» jaJI Jljj ^Jajj j 23.9 JJJI 

. { —Lj ijjjJVI j fLj^Lll ,_j . uaI ^ 4 '^. » 5ial jj> j*j 25 jajJI qa ) jj^J* 

Strain (Silicon- Germanium) (fjJUj^-<jji^) кдИ 2.7.9 

jjSiLjl ^э Ijjj^ cIljLaUJI 4j£j^. clcjj ^3.3.9 ^Wa^ll ^э j£i La] La3j 
jj^iLoi jjl£j ^ 5 -lc. AjjiaII CjI jjLui jjl jjI! ClLj! лэ^ .(Strained-silicon) Ja jL> * a1 1 
J tNMOS JJJjAjVI Clll j jlui jj! JJ % 1 10 ^ 5 ^. lUj Aj^j^JI ^ 1 ju,iVl -iajiaAA 

<a±la Ajajjj -LajiioQ^ll jjSjL jl ^ Uj-».i . ^PMOS (JJ jajJI di! j jLuj jj! jj ^э %45 
dllji LdLjC-j .(23.9 JSiVi'I) ^a jjjLo j^.~ jjSj 1 x j,i <aja ^ic. <JjjL jjS.llu.1 
^Э Clll j3]l jjj AiLuixdl jj£j tlg 1x> jiu-al ^j]l jjSlLnll dll jj (_]л_л ^a jjjLoj^il 
^ ni.v^ 'I JS xVill ^э jjx'illi .Д_1э1и-а]1 jjS.iLi)ll SjjL ^э 1 g ixi jil ^ajjjl-A j^.~ jjSjLnll 
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jl^-oj оЛА L! j* .ДЛл_а]| lLluLaL^]! <] ji» ij\l j* j]aj 

lg*‘i» mj <L-a j]] l_jj jjujj jLpj] jg_3 Ig nc. Ld .5 x -q]] CIj] j j!iujji! jli]] A_iij ^gJc. Jal а*ч\] 
~ jjSlLn'l 4$ iLi ^Э Яз11а]] o ja -Э (jV jj£^)]! jjJj fljt /чх)]] j j^x-a-o]] jjj^ 

A_ii_jj ;]J1 . jjfLiiuil! ^ jA La-q jj^] ^Lj^]] JjljL]] djjLj j с jjb-al SiGe ^jiiLa^ja. 

dj ! jjjjjjj ^Э (Jjlc. UJ^jL^ LljiiiBj j-wtJjujj c<L-a j]l Ял -ujj L-JJJjoli]! oj\jj £_Lo 

. jjjl -л j^.~ jjS jx*i\l 

JUJI Jjadl J-jbuj CJ|j AjIjJI Jjljc 3.7.9 

Hi-K gate dielectrics 

У j-j ^,W\ 4 _iaAVI j-o 4_^.jJ ^Jc ^Lj^ll! AjIjL! jjlc. A£L<ujj -п^ Vi _ixJ 

• (CV/I ^^-lAjl! с1иЙ1 ( л1 -n V j^ jjlujjjl jill ^i jia.Lill jjlaij Llipk j-o -п^ -^j]] ^i ^.ia!i]! 

jll£ jLj (J3Jj ^lc. J JX-O^W (jU Ljjjjja a£Lajoi]I Vi JJJ*J б^э! jll ^i j 

a£L<uuj £_£j . Ljaj! lajl С1и1э jj ^lil! S j.u-aa\l dLjall jjcli-o jjVai' jj cL_iuiai jjIuj ji! jill 

* 

Ac. jjuj]] A_i]L*J! Llj\,qiiLaj\l Uj! j jJjuj jj! jj j-o A_i\! jja jj \_л C l,wl ^^Э Aj! jj]| Лии^! 

^ijj-o]] j-Qj 1 1.5 ПШ 1 (j* jU -л]] j)-ojJa ^ jLi-a]! jjjjuj ^lc tA-jj» k-o\l l!jL^_]L*_a]| 

5< * 

cJ^Ljl!) 2016 ^lc- J jl^kj 0.5 nm j 0.4 jij L» ^j Я1э1£-й]! .iiu^VI a£Luuj j-jiLj jl 

tAjji LjjLilla £->-iaJ ^jia. C.“ L -оУэ _1Э A£Lajui]! jj£j L_fl jjuj ciWij .^2.9 (Jj-W]l j! 24.9 

. . JiriSL/l ^i jj^UaJ! ^qqj'l jjjxil 4 ~4jj j <j! jjI! j-o Sjij£ l_jjjjujj lIiIjIjj Jl (_£jji I J 

4_£iJ ji л!с 1 A/cm 2 j^-j 1.5 nm a£Luui 1! Si02 W b_ijjuii]! jU jLJj 

jjj*J! AiiSj]] UjLaja]! йЛД JIC ^ J* ajj j]l L_JJ JjujLi]] A_l]| jl ^Jj Ijiajj .1 V (_£jLml 

A^LajuJ -kJ^kVlj .<illa]l A^Lajui] Ajjul! <]]j C_JJ JJuLlll jLj jjfL t Clllj J Jj£i^U J-ujLia]! ^jaai'l 

jl Uj^c ^jiajj .1 V _iic 100 A/cm 2 26 l_jjjjuu]! jLj .iijj 1 nm 

й Л 

L_fljjuij .0.8 nm ^^j^. j-alai jl j^-oi Ac.jjm]! 4 j1L*J! Lj\,aj i]->j\\ jjSjon'! ,\unSI a^Luj 

LJjja]! (JAaII ^Ас lUj jjjj]l , JunSy ^j jliiil Alila jl ^jjjjjllj c^jjjjjl! . JunSI A-iuicl jj£i 
coj^a]! 4 к-ЧчЧ j-o\l Lli\_ajj]aj]l <]La. ^Э \_л! .<Cjjui]I Aj]\_3t]l l!jI j jJjuj jil jjl] jjlaJ! 
jaj (_ 5 -W! jjS.l\u)\l ,\U 1 )S! Ajjuicl j\i tcjjiu-a L-llJjuJj]! CjIjLu jj£j jl LJiJ Ljjj. 

J1 <-jj jj^j sjjojj tjJajL i_jjjjj£j CjIjLjj ^ Ь.~, 1.5 nm jc. 1 ^Ij£1 ^ ■ ■ 

• (2.9 J j-iaJI) 80 nm lSjUJ ^l S-iaxJI aJL^. J jlaj J-L^j jI j-a 
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4Л*д!1 jamSVI 4£Lbuij AjjLjji!! AjIjj!) ,Ji ^Lj^UI JjUJI AJLjju ^ад! 24.9 jLuJI 
fLj^£!l д iju Aialjj j*j 4 *-а>»!1 <jj) .ITRS 2002 ujLLj ^Je I jLLc-I 

.(cjl ajjjaiWlj 

(JjLxJ! AAiLa qC. AjJabtJ-uiV! LjJJ^uii]! jIjj 6 lb j j-o -l^JI (JjI^, -l^! (JiLoJJj 
лиЛ! cIdIj ^j-o jj£! K cJjb:. cIdIj dj!i SjLaj Si0 2 &лЬл_а 1! ^jbj^l! 

£-0 Si0 2 ]] ?Hi-K AjjbjjS ^Lajuj С1з!Ь <аДз (JLoxJjai! (j-o j£-oJ !LAj . (jjfLLaJl 

• S* t ox AjsLSa AjjIj jj3 ASLajuj ^Jc. J^liaJ! 

t„, =(*«,,/*«- k )Vk (32.9) 

Jj*JI LajIj ^Hi-K j SiO^ — i jLjg£ll Jj»-!' jA ^ siQi =3.9 <— уа. 

j£u ij A" S aJ'lc. Auua Lili SjLi JLuLIujL Ajl L V . J«qll ajI^JI Jji*J ^LL 

tm- к = tphys A\\**W AjjIj jjil! a£Lajoi 1! ciul£ jl t ox 6 jjxa-j3 AjsL^a aiuj£! Я£Ьио! J^jq Vi 

.!jjj£ jj£! 

Яузл* a Л 1 хи 1 £! <ajLLa Jl cJ j!jc. L^LaxjjujV Ia jl (_^_j^j ^^j]| л! j-o]! 

(K = 23) Zr0 2 c(K = 25) Ta 2 0 5 4(K = 20) НЮ 2 1 (K = 10) A1 2 0 3 — !! cJ^ <jj\jj 
с1зЬл^1 <^.! jj ^ЬЬ! ^jbj^l! Jj*]| СиЬ С1з!3 i! j -Ь! оЗд (JLaxjjuj! y)£l .^Iajjc. j 
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Ig \л (J J^.! CjLjXtjO AaJ J .<XjLoi]| JJ JXJjolll 4_^JLtA £A Я1а1 JJX 1 g,\» C*’ n^k ^)A Aj.1^. 

£a ^jSl jJJ (_£j]l (_£ jl j^J! ЛЛа\\\ (JaIxaj jjIjjII ajlj^. Jj^.jJj (JjIj^JI jljiLujV! 
t jj^SjLUI J (Jjlxll ^ .lic. n Jl ^JauuJI CjVb^. £\ ks~iA (JA JJftll jj*Jlj l (jjfLluJI 
jJajl) ^JLj^ (Jjlxllj jj^jLUI jn JLJI Яз\-1а]| j^L^.j tft jj)^\l A3LLa]l (jUaj o j^9j 
оЛА ^jlxjj .<c.lijjV 4 jj 9 ^JL ^jqq'JI jLUI jV ^»\a jj^V! j^L^JIj . ^l_j — 15.9 (J^juJ! 
(jUajll A_nlj3 ^Ljj! J! (jCjj ^jj]! AjjIjI! ClJWuJI j CjLaia]! ja I jjj£ 1лЛс. 4 jajC.VI 
CjVUJ (j-o *^^*J! (^j • cIluIaL^JI 4 j£j^, Lijjjj Aj 3 jj j]I (J£Lua l_jjjojj ^.LiuiaII 

cIijIj cj|j <]jLeJ! ojLU! j jj^LLUI *j jj£j jjj (/^- 0 ) Si02 ^Uajuj л <LL jj£jj Ljaj! 

; Дпз\^а 11 JjLt]| Я£1 _аху bjLj ^]] (_£Cjjj jjS\I (Jj*J! 

f ox =? Si 0 2 +( 3 - 9 /^№-к) ? ник ( 33 . 9 ) 


gJ! Equivalent Oxide Thickness EOT AjalSJI jiaiSVl Я£Ьш (jjSj J ijb) 

Я -Xjoj ^Jc. LijLuj 1Л13 jjajil !L j .^^jJ! ^Jajoill v ; . -Tl <£Uuoj j^ Jjl 1 ^ iJLj j£-dJ 

jljJI aL a_^JL_a A_^,lji j .Jl*ll K 3 jxJ! CjjU _j j Jjj^fUI JjLU _j j. --.ql' LljJI 
AjaJlx-e Ajlij £л jjljjll j-Lji jV ^Jj^jll jA jjjil (j^jj ^lc. o jlajj ч j 'U, ‘t .'-'■ 

. . ... . J' Jjl3 j -й Ajlli -Л jjl jLj jl ja]I й j& . J . . .'. j'~. jLftJ . I ja. ^aL Aj]LJI jj jjUjoJI 
Metallo-Organic Chemical Vapor Deposition LLojS a_i jJoxil 4_jjx_o]l SjjuVI 
Tatomic layer CVD ALCVD) CVD LLijjS Ajjj aIjL Sjjui l-jjajjjj qMOCVD) 
jj|j CjI jjlujjl jj ” 8 jjal jxjjoil SjjLVI AjjVI J JJJ jjj -Sputtering jjjjj]l jl 
— Sl Ajlilj i_b jjj 1.3 nm aSLjjjj НЮ 2 ^Lj^S Jjl^- 50 nm lSjLlj AjIjj JjL 

•ALCVD 


Metal gate electrode 


AjI^JI jjjjIS! 4 . 7.9 


ja£j .AjLujyi ^jAjuJ! c_i*ja 1! jjliU jA ^ jjI! dJ j jIuj jj! jil! ^L! jj ^u^'i 


^ja! jjl! j Л)-ч\1 (jjlj^J! jljij-uj^lj (J*-uj]l aJL Яа^э ллх!а]| (jjfLLuj]! SjjA 
<xui]| j-oWi jj^]l ^jjlU! L-fllilxuiaV I Lajuj j Aj]Ic. aj! j^. <L^,jC Л1с. 4_^]1 ла]! С1з! jlxk 
0.5 j*^ Ь jjxj-a L_J juJaJ <iUa u' VI . . Q j . t) j j U) a U jJI L__lSI ji jc. A_A^lj]l 

. jjuiSVIj A_il jJI jji ^ idl jL,„ll j^ i_ijj]l_i jjxjJI jj<J.„'l SjLa J jj<M (nm 
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jj£j 1 <аЛ i»,°l .Д -jl jJ! j Л nnSVl Ял -uj £a Я1хй1и11л L-JjjJaJ Ял -uj jj^J ^J! cilll 
ллх!а 11 jjliU! ^jIjjj <j jjLJ! l_j jjJaill Aju^ Ijjj 1 1.5 nm <jjj-g jA лпи^У! djl£L«iui 
(jjj Jajl jjl! j^bn tclUU 4 ~>jVij 25 <jl jJI Ял -uj tJj*_Li (J-salaj l^iN A_iaAVI l_jI_ujj£1j 
ллх!1а] 1 jjSJ^'l ajIjj ол1_л ^э 4_Lu^_a]I (jj^Vl Я1 Шс]1 j . jjlujjj! jj]| jllsj AjIjj]| 
ClAjj* х.^а nun (jl j^AJ (jiil j 1^-] AjjjjjJa]! Aj]1*J! *L^_]L»_a]1 dj! j^. djL^ji 
djLl jJ jC. 2 ^Ij*J-ujVI £3jJJ IL] . JJJ^ll (Jj»JI t— IjL (ji <j! jj]l (Jjlc. A-q!>Luj j jljilujl 

.65 nm jc. (JL (jill <jlij]l лас. Jijc. ллл1а11 jj^jLuill 
-UjLUI лллИа]! jjliLoll 4 j! jj jc. <jJaLtl-ujV! (_^ -LLLui]! (J£Lu1a] 1 j^. (jA^j 

1д jj^ljj (j-o Ijjj^ ^^lc.1 (ju-«Jl lIlAaL^]! jj£! jj jl Л I jlai^ .Д_1 лл_а <j! jjj 

s= f > * 

Aic. Ldajl jJLla]! 4_аЛ_ЛА j^AJj «LIaC. A п-оа Alila jj£i (j] 4 ЛЛлИа]! jj^jluJl 

SjLa e-Liiil jjjL*_a jjj (j-oj . ллл1а]| jjfLilul] Д_а j^Li! diL l>a Ijjj£ (Jsl Sjlj^. djL^ji 
^JajuJl jl jL-ujI j (jjl j^Jl jljjjjoiVlj ^JJj-alJl SjjjJjuj (jsljj]l 4_1ujL1a]! (^Лла]| 

Яииэ ^э (Ji-ioJ! лЛл j]jj iLLLuj jl^jj La] Lsjj . (Ji_uJ! aJLj jjLLlj (ju-Ll jjj n J1 
jjiaki j^AJ 4 AjjujLia]! (j*-uJl ЯЛл djlJ ajLJl *Ш£ .(17.9 4J^Lx_a]| jiailj Лпл.\1 A_ii]j3 
j3 jj IJaj .oLii]l ajLJjI (_^j 1 uia (Jju! ^glc. jLajc.VI (jJj 4^1аЛ jji j-o л yi », 11 ajj]j3 

jjjLJ! (jjJ (j-o £ jn-oqll d\ji]| (JjC-Lia jjajij aLi^JI AjLuoj <1 !ia1 ^Э Ajj^JI j>i» ) 

(Jjuuj ЯЛл La^J jl'nl^» a (jLij ! jj <aj (jj£j (jl jA Aj3 l_JjC. ja]I ^LJLia . Ail» 11 A_ij]j3 ^э 

.p + j n + лал1а]1 (jj^jLJl (J»_uj ЯЛл ^Lioj (j-Q 
jA Lo L^_1 aj 4C__flL-a (jU_A jA Lo L^_1 a 4jiaj»Jl !л^_1 л! ja оЛс. 4,** nk-oVntil Л^] 
liij (j j£j (jl l_ic.j1 Ljjl jA ju-«J! jLiLkl S&u ^jill L_ijlj^JI л^.1 (j^l .J_iju_A 

(J£ <jjc. 4_iilji Я-«иэ ^j^ii A_i*j PMOS j NMOS dj! j jIuj jjl jjll a д\"гч a (Ji_uj аЛл 

% 

lIiIjIjJ C** J А»*‘П|.)1 ji] . -l^,lj (jU_A (jA AjIjJ (Jj-Ui jl (jjjilla-A (jjjjLo di]J L_JiaJJj . 1 g \ A 

djl j jlui jjl jjll (j^jjl j-J j NMOS dj! j jIuj jj! jil] ^ jjjlliJl (Jjjfl j>A Д_а. j^jA Д_ил»_А 

# ; 

^jjj <1л_1о1 <1!л (JjUj (jja. (j! -i*J ^Ll! jJ jU_A Ldajl (j^Jj] ja]1 (JaaIiujIj .PMOS 
jn»\^ .l$JU»U jIIa! Ru-To j Ti-Ni S! (Диэ j- 0 ^Li-i^A dlilfuj lIi^jIj . jj^. j jliil! 

Jjg 1 4 x-all ^aji]! (^lc. (J j-uaa_l] (J»_uj]l а!1л La nia j^AJ ASjnjH ^Э jU-«i]l <luij 

4 jj jJaj]! лоэ dJl j Ia (Jj! jJal! 0 ЛА jSl .PMOS —11 J NMOS — II jA JS (^ <JJ*]1 

.Lg_^L^_i djLjV l!jU_jN 1 j -q Jjj-J! J\ <a.U. dJljA j 
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Cooled CMOS 


4 j> 1 l 5.7,9 


^aJC. jl VI . lIj! J j!i-uj jil jjl (_]лС Дх -JjuJ й jl_3 j ^jjJJJjll (JaLxI! ^J~> Vlll 

AjI jill Aiui^l jjc. ^iiiil (JjxiaI! jLpjlj t^Lilljii] J-ol£ ^ uui J.V jVi Jj'q Vi jH^) 

20 j^i (JjLuii J jAaL Sjjg « aII (jjjjjaJjoill djl j jJjoj Jjl jj ^ 1 ~> Vi jILLa (j* jl-l^J 
20 nm jj^ 1л Jl CjI jjl^jjljjll ciAj! jj JljL! ^j-> Vj SjL j jjl jia j-iaAj . 29 nm 

.Aj£j^J! jjjja cIljLqL^J! j]*jj (JL c<jJaiViAll ojlj^JI c!jL>.jj .lixi .Iajjjjj 

V^jJ jiaiV jli lilj ‘kT/q £-л L_LuAjjj Vilxll jjJ Laj3 .S (JaaII (j' ^gJ) L_flLjaJ 
IJAj .1 JJ^ (J^l Я)\_^. jLj ^J"> Vi ^) ^aJ j-0J tljl-laj! (Jil (Jaa ^) (jjjjjuJ Sjlj^J! 
j^A-(Jl j-Q jjfL tiiiJi A >J ijj .(Jil 4j-lxj Viiijij Viic. AjjI ji Ajc. (JaxJL ^LAjuIJ Lo 

.10 nm — !! jjj Lo ^gJ) jjj jajjuJ! ^%i-> Vj S ^Lj 

Я*»й AjIjJI Jj MOSFET ^ЙАДЙ JjxIaH jj1w> jj 6.7.9 
Double-gate MOSFET 

*ijjj£ll Clll JLa'lAil CIjIL Jjjill j)A -l}j-Q 4^_>.! J -й lIIj! J JJjuJ jjl Jjil ^J"> Vl JAJjuJJ 

-1^1 jli ilijl (jjjSjj LJ lii JJ .<Jjxj-a j!i£l l^jLol j» Vl ^jiil J 1 g a i a * - o‘i (_g-ic. <jJajjiAil 

<jjc. 4_iiiji ^) (j^jj (jiil DIBL l-ajx^aII jc. (»->-Lji! j^.UJ! jiajqVi jA Vill ^jji 

JJC. j^x^aII jC. ^Lj^ll L_fl jx-a-LI (JL^-a l j^i . jj£! L_JJ j-ujj jLj j jjaiVl 

j^AJj .ljjj£ I xiajqVl L-Ajx^aII jC. ^a^Liil j^L^Jl jjajiVj (JjxLq ^J~> Vl j^AJ t^jljLl 
(JA .l^jjjLoi) CliLjJ-uiA o^Ljj (jl C6 jj^jil ^gi L_J jjJajll <liajA ^J*> Vj.1 cilli (jjivi 
2 _a Aj! jJ! 4_nl ji Jajljj -n*> VI J) S jjS jil ^i ojjxuall l_j jjJajll 4q)ViA (jjji t(j jVl 
jjj Lajs (JjaI! ^ix-ajj ^a-uj-^JI (JaLxa jLjjj cL_aj^J! jLj (Jij cdiLj tcLiiil jjA^ 

A ~>jjj Lg_iuajJ ojj^jll AjLui! (j-ajj-aVj c Д *Па11 CjI iUviaII оЛД (JIaj .1 jjuj! AjjxS! 

<jix3 Lj^i l_sj^. LiAjLi (Jj^-^^H j Sju^qll sljill (Jjc.ILa ->j-> Vi ^J) v^L^JI 

.Aj^IxJ! (jj jAJuiSI l!i! j jj-ui jil jji ^LjaVI ^J"> Vill AjSLx3 

jjAIajAil jyLb DG FET SLill ^jjjAil ^gJ\,*> aII jjxLLI jjjuijiljj jj-aii 

jjJui jil jjil li^ ^j-> Vl j^AJ AjL j-fjj Lij ^LjaxJ \ Ag кУ-хх \ jC. SLill AjLujL jj-uaLVll 

8-10 j^ il (j jLulaI! <j! jjI! (JjL (J»,~> i La IL^j c^jjLxJ! FET IL LijLiA %50 j^ n 

лд (** il» •> ^ij . A^jxil ojl j^ <L^jj Aic. (J-oxj l!j! j jjui jil jj \ j^AA nm 
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^Л.-^жЛ (Jjxi<21 j jiujjjl ji (JjjaSl IJa j-o CIjI j jjjuijjl ji ^ju^'i ^э J''n.wll CiL^.1 > 'Jl j 
^j^Vi (j-° Sj^Vl 4 j-\ll ^^3 4 'i-Qjg -all j jJjuj jj! ji]l Aajj Lj3 La-uij-o Sliill ^jC j-Ul 


32 


Д_) jill CIjIjjIiuiaI! ^^Jj (J ju-aj]l (Jj3 (_juj-qJjuj]| 



JjxIa jjlujjjj jj jJlc- MOSFET jjluijjl jj] (l) (jbjlua jc- (jULL» 25.9 J^ill 

.DG FET SUill ^ j.j j* ^La-a 

olji]! ^jCj* (Jjxi-o j jjjuj^jj! jj] LijLja jc. \» Jaq-Q 25.9 cJSxlll jjjj 

jA filjill ^-jCjAll ^JL^-aJI J jxiAl! jjlujjjljj jj .(jclc. MOSFET jjiujjj! jllj 

Slji C5-^^ сз - ^* j Llic. t jjjjljj ji ( cIxjVI ^JajuiA JJC. jjiujjj! JJ 

<1x3 j£-aj La-g j-o ^^Jc.1 <3-^ Sljill jjA^ ^Э jx» j^AJ Lo ILAj .<ii3j]! jjliUI 

сз j .Lijujjjj I jjC 6 jj£j]l с1зс! l" (cIxjV! ^LjjI!) ^lLuuiaII jjlujjj! jll! <JLa. ^i 
V C J jiuJ jj! Jj]] ^g-ujAj^J! j^juj] <xj\j ILJuJI c" 3J-\ j-Q jVl 6 JU-^ll 'oLji]! (JjC-LLo ^"'^U/ll 

И A 

j£-ojj . L^JjLujI ^aCC. j^AJ jl <ijii <jLujj й jj£ j]I <jlujj j£-<i IJ] .в jjSjil <jLujV 

tSbill jj-<^j <j! Jj]l <Jj] j3 jjj Jlxill -iajl jj]I j-o 4uaiLi]l <]jjJa]l Ъ jj£j]l LJjjJaj <x_j 

oLaj . cj^. L_flj^. jIjj 60 mV/dec j^i (jjL jj <jjxSI jjc Lajs lcLa. !>Lia ulli jiajj 

j* Jj£! <j! Jj <jj] jij ^jujj <jV 'оШ1 ^ jCjxJl ^Laudl J jxLJ! jjiuijjljj] <a£a "ь jj-o 
.<jJaiijA]l ojjiil CjUniaj] (jjaLi. 4_a. j ^Jc. Ijjxa A \я y J j A \\я \\ Ajj]j3 


Lo-lic. Ai! jjfj <j! Vj .lUijl Ci^LaLaJl <j£j^J ojji-d <iiik]l Sljill <jlujj jiixjj 
<iLi£ jj£j Laiic. ^cjj cj^lLoLaJl <j£j^. jli ;20 nm j* JSl jjfLiluJl oLi <£Luj jj^j 
jj£ 1^ <j]lc. cijLaLaJI UiL CjliLj£ jj£j Lajjc. .A (jjlSxiVl A ‘iliu Cj^LoLaJI 

Sja. (Jil ^cjJ! jjfL C(jjAi-<J! (jjjljll (jjj j-qjjuJI ^i iclc. jj ^jill j c(l0 13 /cm 2 j-Q 

jA La-q 1 jjj£ (JjCaSl <J jjouJI jjC. jjl£ j]l ^^3 Cj^LaLaJl jlijjl jl Ui]J ^Jj L_fll_jJaJ . jjjSj 
SL jiil c ajxjJaSl jjxjjSI jc. JjV! ^ali-<J! ^Э ^aii lCA j .AjcLxJ! Cjl j jJjuj jjl jj]I 
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II 4 j£ja_l! jA (j)! jxiA]! (jlJA jjjj *^— ixuaLM ^ ^Luill ^^Lj^L]! JL^a]! jjC. j 

. 27 (_$л1х]| FET -J1 <JUj aj jllo IjjjL 2 (JjLaj J^btj DG FET 


ci2>ij£ xlvJI (j-o (jlj DG FET Ju/i (j£aj ^26.9 J£ **'!! jiiA jA La] liijj 

j-o j^Aj j • «ii*j ла. J! ^Jxuia]! ҒЕТ S! Ajjj I jj]| Ajjj <jLujj . 4'nul! dj!>lj]! 

j ^ \Lj\I Д_з! jj]I £-iua ^^Э CIjIjj» x-o 4_a.l jJ lg з£1 ColjLI A£Lajoi] (jjiilaJA]! JaJjJa]! 

(^iLoJl Aj! jj]I £_a (JjLaj (jjqVi j! tii]j ^gJ! L_flL-tfaj .Aj! jj]] SjjsJll ^Jlc. ^jLj££ Jjlc. 

.AjJU^V! j jJjuj jj! jj]I Ai\j£ jjaiLj Д_1э1иа! -LaluiA L_llIaJJj t^Lg_ui JaJ 

jj£j3 (oliL! ^ jijA]! ^JUuJ! J jjlLi]! jjLujjj! jj j-o III j II jjc.jj]l ^э La! 

4_m]| AlLk ^Э jA Laa (J^-uj! jjjjl Jjl! ^ j]j]| jj£jj tejj£j]l £_a oAaLxja sLjLI 

<C.LlIa]| Cliljjij 4 Jau,)! jJ S j£ ji! 4 £Laui J, W'Vi ( jjj! 4^_a. j-o .(^LuV! AjjLj]!^ Я^2а-и1л]! 
<L£Lauj jj£i j! c^jaua]! l)a*J! jjiajij .Lxua jjjlaj]! )a u^i j» Уз ^ji]! A_njutfa]l 


Л j» j j)A ^jjj La ILbj ;Aj!jj]! Jj)a j-° ( Cl з! ja 4-3 j^ з з^ ! jj!i£ J» L^al (sUall) S jjSjll 

. jjiu-a]! jjla]l Cjli Cj! j jlluj jj! jj]| ^^Э S jj£j]l iLtj! La u>i 

4_и2! La LJlo j t jV! La.Laj ^^iill ji^! III ^ jj]l Ajjj Cjjl£ 

^qjc. j]l ^gil ~ч aII jjxiA]l jjjui jjl jjj jjjuj jj! jj]! ^g_Aujjj 55 5 ^ j£jj]l Ajijc. j]| 

a jj£j jl L \ f\ j^iJJj t j jJuj jj! jj]| Ij^J LaJjJajj Ра]а*ЧА 27“ 9 (J£jj]I (_£JJ «ҒшҒЕТ 

<ajc. jl! A£Lauj jjUajj .Aijc. jl! j£jj (Jjlc. jj£jluJ o jj£j ^^Ас. (XjJa jjj SliiJ! 

. Д-аЛТза jijkj Jj£jjj Claljjjj jlAxllujlj ^l£aL )a n-ai jl vnj ^ji)! Ajjj£jiui]! SLSJI J£Lauj 

ллх!а 1! jj£juj]! L! jj l_jjuijj jji <ajc. jl! ^^Ас. ^ua j^ j! ^Lj^ L! jj J jlc. ^^-ahj 

JCajj cAijc. j]l i— fl jl^iaII j jCjtf-aA]l 1 jq)a'3A jjLajj jui)! AjLujj Ajjj jj£jj3 t<3ji 

Л-1а_з <ajc. j)! ^lijjl j! jja. ^^3 ;Aj!jj]I (JjL LJjuaAilj j-luaA]! ^iqLa'iA jjj AiLuiA]! 

-JiJ сД-а. jjjAll <j! Jj]l Ajjj У jA jjiaj Ajxjj .Aj! j 2! jia jC. 


CjLtuJ 


U' 


Uas. J cUUI ЛЭ (. Sjaa]!j jLlaaI! ^gjilaJAj L! jjI! jjj Ajliila]! l_j£! jil! 

(JjC.\iA]l оЛЛ jjajiaj] Ljjjua j.. 1u -^'2l SjjjUui JLa -л С1з! j!£jjV! jj£i L 9 jj-uj 

S^Ljj (j-QJ A L^aVLll ojJuaUI SLjill JjC.liA (jA oj-iiui! Jl£! (jjiaj]j tLjJC-j <jliila]l 

.jiliAl! AjjjUl! С1з! j jlui ji! jil! оЛД ^ L-ajaJ! jLj 
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1 fc jtfl п t^ III t^ 


H,- l£y* 4 * луЛ л) SUill AajJj-UI ^Лд-д]| Jjxi-UI ljI jjIuijjI jU fjA oAlLa JjIaj 26.9 J^uJI 
S. Wong, K. Chan and Y. Taur, IEDM Technical Digest (1997), p. 427. 


£Jjjjj] I ClboiSjj ^ji]! J j-JIj ^jj]! ^J] L^.L^. A*aJ <. Sj-uj j 

(j-0 (JjlJ 'Ul £-AJ .ITRS ]l ^Э лЛЛ -N. a\I 4_11л jll <L^Ja]I 4jl_gj oL^jij (JjJJ-<Ujal]! <jlij 

Ig KLjuLq jlj лч 1ам Ajli с4_»о1э1-1а]| ^^jJlj j! jjJ! j-Q jjjxl] ^jlx-alii] ALli 4ijj*_A jjL^. 

•* * 

! iLo I Jg -Э <jjij ^ jLj (j L! (Jl j-ui]! La! . 4_ajI£ ITRS ]l Uj! jjjj e- IL! Ajxj tj^j l_a jjj 

^! tLoLj jj£! ClAiLajJ jj jaJjj]! jc. jjaLtJjjJjj (Ja ? jjjla]! Д -LajLk AjL^j jjc. (Jxja^jjj 

jjaxj JIL! ^x-LaLUl ^Э ^g-Laxi c__fljjj ?6 j£jja (jj^.! CjLjLaj jjjLxjj L_Sjjj Lgj! 

.0 Jjg я aII jjjjaJjj]! Cj! Jjljjjl JJ .Axj jjSL) t ^J-ui Ul CjljjA-aj]! 



• III £J-l1! (J-a 5j!jj]| ^jij^ jl! ^lajj! JjxIa]! jj Iujjj ! Jll ^-ajjajj LaLa-\A 27.9 Jl*u]! 
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Beyond Traditional CMOS CMOS Ji u U 8.9 

с1зЬ! J! ^Ja! jb (ITRS 2003) U^^iail AJa^jlL. ! j V‘n tlbLuj Lb bij 


gStu JJjoUJ .2016 ^le. JjI^j 8-9 пш 4 jjLjU^ 3! dj! j jIjuj jj! j2! 

(j-a ^^23! S jSLuxl! MOSFET !! ciiljjLui^jljj ^lc. Cjjj^. 1 ^lil! AJjV! L_ijLvi3l 

j! VI .^A-jVl (^c- ^LajIS ^gijj c^j-uj ITRS — 11 dj\ n * Vj j! Л ^DG FET — 1! 
jjuj AjjjIj CljLujliAj Cj! j jjjuj jj! jj 3! j-o Cj! jbLo ьЛс, ^lc. ^jjl^j CjIJj 
jjujj 6<Lc jjoi 3! Aijli CjIjIJ! tSlL jj^ с_Ь j-^j » 4 q\SMI JaAljj l-i^. Lix.j^a ^jj-aj 
AjIIc. CjIjjIjjjIjjI VL<ixj-uj!j \ a \ <о >. s-\\ i. . i\Li'n Lo !3 Aj ;Я£\ЗаЗ! jj I^jjj^ i~W\g‘h>n 
.AiUall JajL<2! -li-jjj]! j -a (j«o\Vl\l ^SVlW Ailij]! (jJ^j ^^gic- <C jjoil! AuJaiVj-o j 
AjjJ j 4 jjj j^. u1j\j jJjuj-o ^ij (Jj-aj u_fljjuj Cjljjlujjjljj]! CjLujILo j! tU32 Л u_flLjaJ 
pL-ailluj! L_LaJj js£l\ ci3-jj\ Sjx>\! (Jjc-li-o \ g j\c. ^Jt-laJ A.l\'.jV-Q <jL^. Lj^L.\jj 

jjj j-c j .^.jV! ^-lc- Wi vCftSjQ jj^j (_^ aJUJ! (jjjj-qjj-J! Ljlaj jjc. (j jL. 1 Cjljlij 

cAjjj jaJI CjLijjjjiJV! j ^4 j-<i jaS3I Cj! jjg >'W! tSlliJ Aj^-ui j-o3l CjLjlij]! 


AjjjU 3 l Aj£jjl£j-Qj^ 3 ! ^jj 3 ! J tAjjjJaxJI ^4 jSj'htVLi 3 l j Cj! j Jjui jjl jj 3 I j 

Ljjjjj£ 3 ! jjjjUVI Cj! jjIuj jj! jjj ^(Nanoelectromechanical structures - NEMS) 
. 38 ‘ 37 ‘ 2 ( 4 i^U! чЕО Jj^l! jiiil) Ди^Ш! JjI jseJill j » Suj№\ 
Ac-jJI JiUu jLtuV I ^JiVLj <_ lx.S-0 j-ojJa СШ21 28.9 JLill L?J 
Jlaj .(JJLqj 3 I jj! 3 ! V^.jjj LSL^. JS AiUa 3 l cUV g'n 2 (Jj-q jSj .<a 3 £j 3 !j ^ai^Jlj 
^Jc. jua. JS Ua , „I L3j . ^LxjVI (^jJ^jll JjUI lilA I lix * Iju^. 4jlij JS 


jm . >.- J ,4jlaj J£1 4 jJIj]I <-'l L»..ijJI ^aji ^ljjjjul Jjgjjj 4jij 4 j!Aj]I jjljjljja]l 


4jIjj J £] jYjj 4x10 9 - 3x10 “ Jl>j>ll jj.ji (jjj (J^j^jUI 4i]Sj jjl JSjuoII 


<jjj (Switching time JjaJI l>°J jl) J^ajilj Jj-aill jjj JUijVI Sju £jjj t 4 . ji]Vu > 
(jl VI . JJJ jjlj 8 J jla j jS-o 5 jJJ (jjlijiil j 1 4 jjlj j jSjs 1 j 4 jjlj jfJj 3 0 


<jjlliljj]l (^JI jsilfli J tlgjbl jj (_ji Cjlll j La js .-Ц ^ 4ипл]1 <jjjLilaii]l <j]]j (JA sjc. 


<1 iLjal JjaVI (_gll dlVLall ijiiii 4.>^»1.Ч|| 4.л>1 jjjt-oJI ClljLJI <■ - '4 jj . J j2j ‘4 ;jj>-|l 
JS.-1I (_^2 4jjjji]l <- j j j >jll jjLku JA 3.9 Jjj>ll jKiUil . 7 4jiLjjjai! [£jJji]lj 
•£ j^3l j*JI CD ji«jj tJj^jjJI Су j T max j r min (jx JS 4 j2 JIa jj t28.9 
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(jji) SKi" j . ^ ■ч ti j Яс, joJI AcjUil cjUl&ll jbuSfl jjJiU (JA«j 28.9 JLuJI 

( jjLu jjjSJVI j fUj^UJI ' u li^ 4 Цхл 4iSl jj> Jiu 37 jxjaII 


37 28.9 JSjjJI ^_yi A jjj aJI A£- jU!l jjUilU AjjjjIj cjUxuijj 3.9 JjjxJI 


aiK-'l 

jVjj 

4j| 

SiK-'l 

Uill 

jVjj 

Energy 

J/op 

CD 

max 

(m) 

CDmin 

(m) 

Tmax 

(s) 

Tmin 

(s) 


ЗЕ-З 

4E-9 

4E-18 

5E-6 

8E-9 

1E-6 

ЗЕ-11 

L 

1E-10 

lE-11 

1E-20 

5E-9 

1E-9 

1E-3 

1E-8 


1E-6 

1E-9 

1E-24 

1E-3 

1E-4 

1E-3 

1E-4 

4 ПиМ \ 

1E-2 

1E-3 

1E-12 

2E-6 

1E-7 

1E-12 

1E-16 

4j^jk^aj 

1E-5 

1E-8 

1E-21 

1E-7 

1E-8 

1E-3 

1E-7 

NENS 

1E5 

1E3 

1E-21 

5E-7 

1E-8 

1E-15 

1E-16 

4 Uii 


CiUlaj 28.9 JUdl Ч jjxUI CjUlaill jj Ijjc л! <Ui^ULUU jj jjUI 

(Quantum 4 -ij jj£JI <i.j j^JI j 3 jj tJiliUa .j.^il-4 t-'IU'Ut Cit i Igil (_j I tA u^aala 
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с!лс.У! JjUj CjLiajjI JLaxjjoiI j* j£-qj <1jIa l-jLoi^. CjIc. jjoi computation) 
Д -ijL^'I AjLoxJI AicLa. t( jjiuiilt) djULull алал! lg g ^l jj jilt A_J jVI I^-Ia! jc- 
<Jjoi jaJt ^^3 o.llLa jj£l jl 4_lAjA^it L-JJjoiI jaJl ^ijJJ V AjI V] .LAaC Л 'iLa 4 IjVuxiaII 
CjII j Laj tl_giljt.lj ^Э 4 _iaja£JI <Jjujj^JI dJI j Laj . 2 ^ Л q\j4 a\I jlatjC-V! CjIJ 
jAJ . g-l t/ 1 ? UtlVI Л 1 З ^Э 4_1AJa£JI L-lluJjaJ! (jj'qVJ AajXJI Clll J jiluj jjl jill 

c^ill Spin-resonance ^g-^jjjll jjj jll jjLoijjl jj JL^aI! ILa <^i oCcl jlt clit jjLuijjl jlll 

•Si-Ge II j-e оСЛлИа diLiila ja t ilLii 

<liaj A_iujc.l clI j jluj jil ji ^^_э Ajjx>i» II jl AjfLnjgjLil! di! j jluj jj! jll! La! 

Я_з jdaait CllLij j jj^IV I Clllajjlaj jA . jjSjL*ill jc. Lla jC. Л jS jxxijjlj jjl£j ^Jc. A» U/ia 

.(Organic Light Emitting Diodes) OLED * jdall Jj*_J1a 1! Ajjdaalt (cLb jjjl!) cLljjljjl! 

j * 

.<jjA jil£j ^Jc. Ljjc-Lila j^Aj clLLLLj djLijjjj£i! jlUoj ^-jLalill ола ja ji 

tdil VViaII Clilajj-alj c 4_1 аЭ jaI! l '<a^ j.-a II cJjjS jA SjjAa. diLajjiaj ^Ia! (JI-vaII ^liaj Iaaj 

<jLa3V! ^^Jc. icLiiall <LLal! diLjjjjilV! j tAjjjj jl! djtccjjllj L_ajj^ill dil'a n*ol j 
l^_j i. LAVi jill aJUJ! diliLiil! j Ac.jja]! diLajjiajl! oLa ^ iliVTi V .(j jL.V! ciil VViaII j 

<A,Va“iA <jliill оЛА c“ i*\ n-ot C3j .^Яи -aJa-jj Ajja jj£i j! j^AJ lilj 6 jjj jaJjuiI! dlljb 

j^_3 l_^_ia ^jajjjI! l^jjxI! La! . 42 AjjUdll Ljil VVia jA cj^xI! jjjlai (jja. j (.iia. .la. ^JJ 
jiiSll Lg-uAiLAj ^jjj jjA jLSll cJUa ^э <c.l_uil! cjji) Ajjiajl! di! jjjjuijj! jil! Acjja 

.( jjj^A 10 jaJ JaaJ! jia jC. JjLaj) 

s ! # > 

j^AJ j . jj-a j j Jj -аЭ С1з! jd£ CljljjjaJ! Ajjj jaJ! djLij j ji£iV I ^^Э Ja^Jjujj j 

jjilAJ Jj£! I_la. J_1 jIa CllliL&J djlj^lij L-liuija. 'п^ч jj jjiu-all djlLjjaJ! 0 j 

Icj^j (J! jj V AjjjjaJt diLij j ji^lV! jj'Uj jl jjj .ajIUI! С1з! j£!L 1! dililfi^ jA Sja 

С1з! j£!il! (JaC. (_]ал! djljjja. jJjlaJ ^Э oCj^C. dl^ 1 Clilc. ja~\ a l“l^^i С^Э c^i! jl! jc. 
(ilbLuiVlj С1зУ t ."IiaII jA Л i i \ a Д )a nj <Jjjl_3 djljlc jjjiaJ J jaj . J_L3jji^]Vt С1зУ1л1а]1 j 

La Д -ilUll jjj jaJuiI! Cililij ,\i'a»jl A^jLula djl,\ij»j С1з!с С1з! jlj jjUli jl V! . 4 ^4_ijj jaJt 

& 

jA jS a'iII jj3 (J^LLaII jA cj^xII ^^ic. L_iiijl! jjjjjJal! jA J! j Laj cJLIaI! ,\i» \ J! j 

.4_iJjjaJt CiLijjjiilV! Igjlc. j jiaii (jill С1 з1_з11аУ! jj'aVi 
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AjJjIIII cjjjUI ljI J JjxLUI ljI jjIuijjIjj 


Carbon Nanotube Field Effect Transistors (CNFET) 


<ijUa Л ^ х>“Гп j jjjjLll j-o l_g_U S jjj£ CjIjj j> AjjjIjII jjjjL]! L_jjj\jl 

s .. . s o c £ ** 

iuaijVI £_kLi! l^ja ^Ljj Buckyball CjIj£ Igjl ^^ic. bVi j£-<nj .djllijSill 

cCljl jxq jjU fijC- ^jl^. jlo jjlj 1 j-° (Jl>>a\l ^jjja 1д jUafll 1_л! .Aj! jIxuj! jjfLi 

^gic. L_JjjjV! ^ jjJjil! Cnljj jJ^J V J . jjl JXQ jjSjaI! Cllllo Igiljia! j jluuijj 

jL-<nj . JjA^ilj jljjjjoiL/l j jjjjoi Ig '»>j 1л IjA J cDangling bonds A-ijlo iajl JJ 

Jj-aU! jlajlj 1_*_л 1_^_л jj <jjj£] L*jj a I^jj l j! LnUj$£ <L-sa j-o jj£j j! l_jjjU^U 

cjj^U-aj-o LgjjSL Alx-ajU! Я -jjjUil l_ujUL/I <• Ludnj .(iujjUl! jjjjLS! l__ujUU j-al_^il 

. jivil A_iL-£aj>a 1 g'nL.^ j-o j jl >'Vi caj! j^ilj g.UjgS]] jjj> 

% 

jjIIUI ajjIUII djl j jjjui jj! jjl! ^jjj-aj] Sjc.! j jaI! l L-Vi l_jjjUV! jL*i j 

j-o ^La-c (Jj*_Lq С1з! j jjjui jj! jj Cl±^_2l djlc. ja> a j-Q jjj*i! ^iua jflj .ix.jjui! LiUUIj 
4jin !jjj£ <jLujj Ig'njj jU с!з! j jjjuj jj! jjll &j& jUdj .AjjjU Lij jjj^ l_jjjU! 
£J±x-aj djUUj ^ij ^i ‘зУз V 1-^jUj jjLlluil ^gic. 4_AjLil ^_]1 ,>а 11 (JjxLil С1з! j jjjuj jj! ji 

.^LiS ojjj^. 


j jjU jjjj£ l_j jjj! jA UIja ! jjjjujjj! ji Ujj^. шм iLjjU]! CjjJa jc. jS j 

LiUjajc. 1* L^a 29.9 cJLui! jjnj .^4лп\_и21 jjjjAjjui! ijljjj ^iua Axjjui! ^Jlc. j^lj 

I Lb ^э j>jj .5 jjg » л\\ MOSFET ]1 4_in ^ic. LUU jj]l 1 jA j-o jjjjujjj! ji 

l_j jjj^l jL^ jjLujjj .MOSFET ]l ^ d j j> jaJ! tilii <^jULq Lic. <j! jj jjIuj jjl jil 

^Uj jUjl J jL-q jA Jj*iU 4*_L-£3 ci j> jS j ciaja 1.4 nm ^jUlJI 
JjLjjj (j j>j . jjLLuil jjjuj^l j-Q AiJa jja dicholoroethane (1.2 M) jjKll 

jjj jj> jjjUaJ Ju-£X^ fcUjlj^, A_nj]l jjjJjjj .^ajjjUn]! j-o L_S jj-£a-<2! j jju-a-<il jjjjiL]j 
JJ^J . jjJjLllj ^ jjjUnll jA j;i3j (^^jjj ^iaxxi <jj]a JJC. (J jjUll L_J Jjj^l J ^ jjjUnll 

jjjl j ^ic. 300°C (j jLui Sjlj^. i->jj jjc. 15 nm a£Lq_uij Я±1 jjI! л>>Л1 L__njuijj 

. ^ jjj-UL/ 1 J JjlU 3*3 11 j-Q j jLa J jU“ j J jji±]j L__3Jjui JJ J J> j . L_J jjjLf 1 
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UJ^> 

<9la j 


j jilj u jjj| j-a ^ jlua-j tjU-a Jjxia jjiuijjl jjj ^jjLua jC- jUala 29.9 Jiujl 

Ph. Avouris, Accounts of Chemical Research, vol. 35 (2002). :j-° 

.(Ph. Avouris Aial>j jju 


(jjjLill jjjjSjl ^jl (jj Л (J otUjll jjl j!i Jjic. CiLijl t”'. j' 

ji.U. dll j jlui jjl jj£ jjjej Ajl Cllijj Ajjja. rj'jj jl V) t jj I jj. LaLaj aj_Lci 

Ajad qj. i tilljA jjjI <il ^jjxj ILa . AjjLxSI CjI jjloi jil jiJl£ V aSchottky barrier 
Cll jjJaj jil JJ ^ lt~- j jjjaa. I' j£oj ja.LaJI £-li!ijl jjdj5 .AjjiLijl jjjj£jl __jjjLI AjLuo) 
AjuU CMOS d j jiui jil JJ ^iiua I jj лС- jS лл \1 (jja jxja_i La IjlAj ip j jij'j U ^ jijl jji 

.AjjiLill jjjj^JI C-JjjLil 'r- 


jLu j_ajl uuu (JjiLijl j jj jijl L_ljjj| jj ULuUl J jxiail jjjjoijiljj . a . i 

jji JjCal Transconductance JJJC. Ajjj_ajjuj AilxJI jji Laja jjjS Jj-a di AjjIjSj 
L—ljjj'jfl J jia ^ 1 г_ CjLijjjilyi Ac-jju jLlajj . jjSJj-JI djjJjujiljJ Ajjj^aj-aj Jjj 

jjjjill -_jjjL 1 jjCj jS-ojj .(^iiajl Jiiij A-a-iii jjSjluJI l £±a I jjS dcl Lgj jij 

j£l .AiLdl AiiU djjjjujiljj Ajj-ix л 43 nm dl djjlij bij3 ciilaLabQ AjjjUl! 
1.5 пгп j^-j Au^Laxjj (jjLuij <j! jj лиЛ\ (JLa*Huj! IajI^^J l ^ ^jJI Cul n^iV'll 
CIjIjjjxIi]! оЛД ^Cjj ^jl ^3 j!1a]| (j-aj • CIj! jIia jjLj 4 x 4_jjj Су* ^ jj-*as! (Jlj^alj 

aJIjJ! ^LLlijl j) .(Orders of magnitude) d' a-xCjj ac-jjJI oaL j J) 
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diljL Л \kf\ j)C. oj^3 ^Jaxjj оЛс>1 j <C.jjui]| 4_Aj5!Luia11 С1з\ n^i Vil j 

.0 J-li-'il ITRS (jjjiall ДЛэ jLi. AaLz*. ^ <c jjaII A_Jlc. AjjjIj A_ij jjjfllj 

cl_jIj£J1 11a jA Л д\'‘гЧх1 (Jju-aa ^Э Iajjoj Ac.jlj]l Clilj\ij]l oU Clbui3jj ci] 

Cjlij j jj^]V 1 j j*J L_a jjuj (,5-S- 3 • jj>gl\L jjj jjujuJI diUUjj £_a jjjjl*jj jl ^д-Э jjj j 

Л я ‘u^oxi 4_jjj> CIiLqjJo Lq j-o j£Jl CllLaj)Vu>\l j3jl t Sjjujj .\_g_3j\Jaj ojLjj Ajjj^ia]! 

cIjIa jIxaII 4_^J\_*_a djLojJiijA jj£i j]j • ^LpLrfO \°\ j <Lijij jjl^Jl jj^I ^ з\1*чх> djLliL 
4 jjj£ja]1 AjjuLJI jAjJall-uj jj c ]аЗЭ AjjjjlSiVl CIjIa jJa'ull ^^Jc 6 jj-ajLo 
j^ U jjc. j Ailij ^lc ciAa jJVuI I j Biosensors Ajjj^JI dj\ Li>L\ l j ^Microfluidics 
.oCjg » j\1 jjj jaJjuiII djLajiaJA jjil j ^ji]! аЛЗ» <q\1 CIjIa j]*_a]1 4_^J\_xa CIjLq jIo'a 


Summary 


4ЛШ 9.9 


Uj^ijl ^-il! ^x-lix-ajll (jlljia jj£I j-Q a^.lj Ajjj^aaJI diLij j jj^IV I JfLu • 

. 1 j jLl jLuij^ 1 

. 4_1AJ£a] 1 Я1Ш1 (Jj JAJjuJI Allilj • 

lj^_uj 18 (J^ 'bj* Яэ\э jll ^Э djl j jJjuj jjl ji]l dcc-lj L-fllUaj ^ljjl d_lic.\_dal • 

* ( J ja jjiL) • 4-jjm 40 — \1 JbLk 

^ e-LLJI j)A Ajjj£ja] 1 dlLij jj&WI Lcllu-a dil j jJjuj jjl ji]l jjtjl ->j> Vi j^A • 

: JJ* (jjjla Jaa. 

.djljluj 3 jj*Vu*i (J^ %30 j )аЧ\1 jla jc. jjjlLa — 

. Д_сЛ u«a\l ^^Э Ajjxuuj li ^axaII ^j> Vi\1 jjjli ^Jj-al — 

.viuuj j£) %30 jlcLoj AcjjuJ! cLcjl ^э ^\>i jjUUl^A »У - 

,<jjuj (J£ %30 — 25 j*4 ij Aij)aj]l Л зК~1 jlaliVjl — 

^J> Vl\l jl JAJjujI £3 jLj • A_i jjLlll diLujllAll ^iiuJ ^]lc. j jIuj jjl jill (Jvc — 

. JJA jjll 1 0 — 8 J^-j ^gij dil j jIuj jjl jil! dj\jl Jj (Jljial (Ju-al ^ji^. 

* ^j^Vi]! .j . W • 

. -п> VlW (Jj\i JJC ^(Jj-aall ЯАл. jLj) Am\l jjC Ia j\jj — 
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djlj cj! j jjjj jjl jl]l ^э Ajiiill SjaUsiIIj SjL^J! cjUjjSbU j^jj — 

.^Jaji-o ^Ju-aJ j! ojJXj-all UjLojILU! 

.<jjxJ| 4_nl ji ojjj£ cjU jlij LjUjV! claljjlij <jjjj — 

SjjLI! jbjjl j-o jj £1 <c.jjoj c_jj jjuilll jbil 4 -njVi SjjSII Li\j£ jjjj — 

. ^J^^jll AJjuJJj]! j j-iLil .Лл.1 jj£j L_fljjJj Lllxill 
(J^jLL Vlll ^_^Э jIj-QJjujV! Ajxj 4 имл^ С1з1 J Jjjuj jjl JJ jlj-oj Ju ^Jj <L^.L^. <-oj 

• o^cijii cijLjiijiij .^ciiii cixii 

• Jjlc. Jc. JjSjLJI 

.JajIxA-Ul jjllLmll — 

.AjI jJ! ^-jcjA]! ^U-UI jjxi-Ul jjjjujjjljj — 

.^jLUI Si0 2 II cJ^- 0 cJ^U jlc ^UUj^ cJjc* ciuU djli 4 j!jj Uja — 

JJlxIIaII jjSjLtill 4 j1jj (J^-a LjjCx-q UjUIjj UjUjjj^II (J^l <« ajjuj — 

.oCjg xa\1 


:oc\jx-UI jj jajjuJI cUljjlujjjljj ^xj Lo UjUlij 


ju^LUll cAj jj£JV! — 

Ajjjj^JI CIj U jjjj^lL/l — 

ajaja^II UjUj jjj^lVl — 

LjjjUl! jjjj^l! l_jjjU 1 — 

:<xa jjjj\x,Tuj.i jj t jjSjUI (J^-a oCj^JI CjUISjII oIa j^j VI ^xijjjJl с 1 ь° 

.6 jj.1^. UjU j£-0 j-ol£jj (JjJ JAJ julll j-Q й jj£jl! ^ 'uT — 

. JjjLLo]! Aj jjU й Aj-l^. LujLujI jjSjlxUl Ajlij j j£j C i jjuj — 

cuuiij j-o <j j^a ojjj£ с1з1 jci с1з!1 iiiij ^Jc. ujLojIxIa j^-Ui l-ajjuj — 
AjjjSja '1 AjxjLaJI j AjjjUll CjUjliAll С1з!1 AjjjSja '1 CjUj jj j£]Vl£ 4 q\‘j-4 a 

4 u^JU_a CjLojLilAj (jjd! o j£jja AjjjU С1з1 jjg >jj AjjjUl! CjLu^-UIj 

. Q.VU,A CjLojIxA 
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Questions 


(JjLuU> 


j! jiajjal .25 £2cm Ajc. jjll l^lojlLa j jL2j p jill j* jjLiLoi Ailij .1 
j! j <400 cm 2 /Vs j jLL 300 K SjljaJ! 4_^.J^ -lic. jj£AuJ ^ С__ш11 
.1300 cm 2 /Vs c$jLL fl jjJall <j^i уг^ 

У^л UAi^kll jjfLiLjJI ^э <Ьд1д]| UjI j311 ^Уд ^jLujVI jj^ji jlUL Lo .1 

?^JjuL_l! jjlAaJI A_JsVI Uj^LaL^JI jj£jj jl LLq Lq . L_J 

.<ij*JI Ojl ja. J_^.j^ Ljc. ^JjuLJ! jjlAxLl (f)^ ^^AJJS 4jj]j£ L_Jju1^.! 

^jjLubo LjLoi-q Н/ (jjAj^J! UjXqUJI jj£jj jjfLui Sjlj^. Jj^jj j\ j 

?<jUVI 


a£Luoj cSi0 2 /Si 3 N 4 у>л j j'YjLl l jx» MOS c V\Sa 4_j!jj1 ^jLj^^I! JjL*J! l_11Lj .2 
j jLujj .0.8 nm l^jLjj Si 3 N 4 л!±к1! a£Luojj c 0.5 nm l^jLuj Si0 2 а1±У! 
jaxIL jjliLaj 4_iiL j-o ^jj£-o <j! j2! j .Д/д = Ю 18 cm 2 S jj^jll AjLuj! jjjuia 
■QoJq = N ox =2 х 10 п cm" 3 AJLill , 'n . ui‘s Vl A K .. . ^jLJj .n + 


.Jj^Lulq S-l^jl C e q (^Lj^^ll yjjlxl! Яли ujj JJal£-<Jl ■ jUnSV! A£Luuj L_J 


?^Jajuill j&ju LqAjc. L_3juJajll <aja jiajxl ^и-аЭ^! -1^-1! Li . L_J 


L U>»1 ^jjj! jj ^l <j! LjajjLo ^-LjuiaI! jLlajl! A_£ll j£ L_Jjui^.I 

. 4_iixll Ajj1j£ 


. vv 4 j * \ ! Ajjl j 3 4 -л J 


V Lul^.) . J 


^ jjl! Ac. ja. jIlLq La .0.65 V (_£jLujj <iic. Л -iil j5 ^IJ ^-LaJ Lj! jjajjsl & 

? l!l)\ Yq'iA ^a! UjlajLi ^ j jj (Ja ?<jjx 1! A_iilja L uial <Aj!ull! 

aJLulaI! ^Э а!_1ах-а1! l!j\ JanijAll jii ij ^4 _j!jJ ji ^jLj^ jlx-Q MOS t ViSa (. L-rol i .3 

•Vy J VfB ‘Xdmax • A_JLill CjUajuij-dl! jjL 4 jjS IjL-o j ^_Ua j .2 
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V SB 




oaxe 


♦•Si 

p-Si 


г 


■N a = lxlO 18 cm’ 3 (j j^jLu S NMOS jjLu jjl jj £-L-a .4 

AijiJI Sjlj^ Д_^. ja ^jc. AjjxJI AjjIjJ (_jjLoijj сб nm j-^SVI a£Luoi (jjLaijj 

.0.45 V 


NMOS (jj J jLai jjl jjil Л n» 'I (jjJ La Jjaj »г Jl (Jjxio jLutaS i— JjgjJal .1 
ЯЛл. <aaLoui (jl (jjajjJI .77 K j 375 K ‘300 K S jl jJI CjLjjJ jic. PMOS j 

.0.15 (JjLaj (Д. ‘ ■ J II (Jjxiaj (JalLxal ^ Jl Jajaill 

77 j 375 K ‘300 K Sjl j=J oUjj jjc NMOS —II s^j-JI jbJ uuJ .cj 
JjSj^. J (jbjjal . W/L = 10 AjJ jjlaiJpljjl ‘У с = 0 V jj5j Lojic. K 
1800 ‘300 ‘500 iJLiill Jc. sUaxaJI Sjlj=JI CiLi.jj ^ic. CiLjjj^I'JI 
.—0.8 mV/°C л jix II <jj]jJ S jl jj. Jj^jj (JjJjca (jjLaijj .cm 2 /Vs 

. lILjIjJ! Ojlj^J! CjL^jU Vq = 2 V jjfj LaAUC. jljj l fc>>jl L-Lul^.! 

с 300 K Aic. jLiiil UjLuia 77 K Sjlj^J! 4 -^.jJ Aic. LJJjuii jLii -Lili^JI ‘ £ Цди . J 
•300 K j 77 K ^lc. 4 , пд .11 Ajj] j 3 Я-<иЗ JaC-l Vi j£-j Ajjc. 4 _nlj 3 j» Lo 

<L^.jj Aic. jLiiii IjjLula 77 K Sj! j^J! Д -^jj Aic. ^LiuiiVI _jLjJ з*\11 Aju • & 

jiajjSl ?77 K -lic. Vqs = V qd 4 -J-^*iil 4 jU j£-J CJJ^ cAijiil ojlj^. 

.2 V c5 AijiJI Sj! j^. "L^.jj Aic. VT)£) j! 


<j|jj ^ C_J jjJajl! AiJa a£L<jj jlj it ox = 1.1 ПШ Alui^V! Я£1 ал j! jjajja! .5 

•t p = 0.2 nm ^ jjxIq jj^jLj 

? JJxLiil jj^jluill LJjjJaj Aiilaj Alui^jU 4jKII Axjuiil jl^Lo Lo .! 

Яд -ui ^^9 ^JbClxiil jjliLuii! LJjjJaj L Vj^xi <-gALula *IL1 jVi uUj! (jiajjs! . LJ 

A^Lduii (J jjixii! ^ I .i^Jl La . <*_uii! uUJj j ул % 1 0 j)-o (Jil cJLeii! . I 

Vj^xIaJI jjliuii! 4_lilai tp LJjjJajil 
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/ J jjjul jjl Jjl! jljj Vj jl dlii! cdulj JUa ^jc. ^J^Vlll Лс.1 j3 (JLa*I1ujIj .6 

.1.9 (Jj.wll ^Э -jj! j jA LaI lii j Ju-aaj s Jjill Aj^jjj jjjJjIIj 

/ J jiluj jj! jjl! jIjj V jl Сш! tdljlj AjjI j 3 Ajc. fJ^Vil! Ac! j£ (JLaJIJjujLj .7 

.1.9 (Jj.wll ^Э -jj! j jA LaI Ia3j Ju-aaj o jA^l! AjAjjj jjVjIIj 

1_AJ3 C_JJ JjuilSI jLij ^J^^I оАС.1э J.W cClljlj JUa Ajc *J*n. V\l ^C-I j3 (JLa*JjujLj .8 

. A natll j j J 

£-iujj ^jlxJ V J jJjuj jj! jjl! jl 1.9 Jj-Aa-l! ol )a* aII ( j>Vll Ac!j 5 jjajjij .9 

Ac JjuJ! ^ u\jj ДЛиа. ajAil! AjAjj j jjVjI! j jlii]! V Acl j5 La .Ac jjuJ! 

?^ала]| ^J^Villj 

Jua. ‘ Q/h>s “Ц-А1 l^jb jjljjjljjll J T tr (Transit time) JHijVI оАл .10 

. jjjI^xjV I <llajA ^^3 4 W utll 

. 4 II а!1х1а]! ^Э C_1a*J j jJjuj jj! jjI! j! luJajjiA jlijjV! лАа Я)Лла ^ jVIuj! .! 

?CjjIj Ajj1j 3 Ajc jll Я11л. ^ JlijjV! 6 Aa jJ*jj 

c^lj^Aj .^LuiV! Аа1х1а ^Э j jjjui jj! jjl! L^axj IaJUC. JlijjV! S-1 a <SjLxa jVuxi! . L_J 

^jjLujj sUall ^э Q a j^. x aI! Яа^э jlj i^-Ljla oLji jj jjilujjj! jj]| j! jjalji^V! 

.AjIaaJ! aILlIa]! ^^Э j jJjuj jj! jj]I jjfL LaA^C. А j*\ uill ^jiSj 


r^Ljl! ^bj^l! <j! jJ! Jjlc. ^ jiaj! .11 

UjbL]! a iiLall Я£1 аао jIaLq Ia .K = 16 JjLxJ! ciulj (jjLuj .! 

U K Uji j! jjajj^! ?1 nm (jjLujj EOT Aj3\£a ,\и>Л1 a£Iajuj ^^Jc. J j^VI 

.3.9 g?jUii Si0 2 

Ьо .0.5 nm (_£ jLujj Ig'j^sl A^i Si0 2 ^ 5 ^° o* ^bj^! JjLx!! ^-ilLjj .l_j 
A^Lajuj ^ic. Jju-aaJ! Ajxj jjj£ K Jjc* dljlj С1з!1 <AjbLI! A£I_ajui]I jl^A 
. 16 (_£ jl^ K jl jja ji^! ?l nm (_^j Luii 4 j]LajJ <1э1£а iu^! 
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йЛЛл ja (j^ajLuaij dut jj (!) 

Appendix A. Useful Constants and Materials Properties 


q = 1.6x10 19 C : jjjjStY! 

Бо = 8.85 x 10’ l4 F/cm : jaJ! ahJail! (Permittivity) Aj^Luoi 

Ssio 2 = 3.45 x 10' 13 

F/cm (K = 3.9) 

s si3 = 6.64 x 10' 13 

F/cm (K = 7.5) 

e si = 1.06 xlO' 12 

F/cm (K = 11.9 

k = 1.38xl0' 23 

J/K = 8.62 x 10' 5 eV/K : jUjU j* сф 


h = 6.63 xlO' 34 J-s = 4.14 x 10' 15 eV-s :Ll£L CJaL 

kT = 0.0259 eV S jl J=.j^ лЛс. kT 

kT/q = 25.9 mV :<i jxi! S jl ja. Ял. ,jj Aic. kT/q 

.rii = 1.5 X Ю 10 cm' 3 :3ijill Sjl J^. АЛС. Si И (_£j&J^J! ClLyLaL^J! 

:AijxJ! aj! j^. л!с. ->иА1! jjSjlxal! c1l>LgL^J! 

|J,„ = 1.500 cm 2 /V-s 
|i p ~ 450 cm 2 /V-s 

5 x 10 22 atom /cm 3 : jjfLLJl Cjljj 

:<ijxll ajl j^. A_^j.j ЛаС- ЯЮаИ (jUaj a 

Si: E g = 1.12 eV 
Ge: E g = 0.67 eV 
GaAs: E g =1.43eV 
Si: E g = 8-9eV 

E c ~ 3 x 10 5 V/cm : j jSjh . il ! J jl^jVI Jh?-» ал.2 

^SiO^ — U (Dielectric strengths) jL^-DU ^Lj^il! JjU! k*jYLa 
E d = 5- 10 x 10 6 V/cm 
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' '-jjSjiuiJl 4 -\1U Д CjIjJJjLuj AjuLuj CjUxujj^ ((_j) 
Appendix B. Typical Si Process Parameters* 


0.18 цтАаЛЬсл 

0.25 цт 



pMOS 

nMOS 

pMOS 

nMOS 


4 

4 

5.5 

5.5 

tox (nm) 

хЮ 17 

2 

хЮ 17 

1.5 

10 17 

10 17 

N sub (Cm" 3) 

-0.41 

0.36 

-0.55 

0.42 

V TO 

120 

400 

120 

400 

(cm 2 / V-s) 

10 6 

1.4 x 

хЮ 6 

хЮ 5 

V max (m/s) 

10x 

10 5 

1.0 

1.4 

0.64 

0.68 

0.62 

0.55 

y(V 1/2 ) 


^j^£j (jl Ал1х^]| АлЛх_а11 ClA 
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jjujLJl 

4-ш JaJ) ljLu 

и **V# ♦♦ W J 

Molecular Electronics 


( *> jij 


.LujjiLJl£ . LLjL-uL c LjjjiLL % a c ^Ljoiil 

■ hjllfl j J jjljLj^La 


.LLjjiLlS (Vj^V 6 jxjjJ jLuj 4 LLjjiLlS Чя-а1д c^Ljjili ^u 


LjLl jjj^]VI) n*j| j^JI <ilSj ш jjij t^jjLuJI Jj^aill jjji jj LL Lij 

^L-sailiujl Jjij !i]j .4_ijLg_i]! Ia^j^. (j* <C.jjuiJ jjliUI ^lc. Ulill ^4 jjj5Lia1I 
LjLL JJJ^IVI Ujj*j jLu . JjUI oLa c 5*^) ^jlijaJI LjLjjjjilVlj c<Sj.Ij LjLlij 
LlLjj^. (JLa*LujI jiijj ^jll! AjjjLJI Ajliill j-Q ^C-ji JU IgiL LajaC. 4_iJjjU 
IJa ^^э j .A_Ljjj£jVI LiLjjLL! ^^э LjLjU LiLj j^JI (jA o jj» ks-i LjIc- ja~4 a j! Ajj! jij 
Liljjlujjilji]! j-o Ai^J! (J-f^JI jj£i j! Ajjjj^J! Uiijj&SVI Sj^U^LS jUj 4 jLjuJ! 
jj-aj j! LjLj j^JI (j-o <c. j u^aII jj-*aLx]l JIU! LiUiLJ j^Aj j . Lj! j! L! j Lj\ ui -ч aII j 
j^.1 S ^J-^C. Ll! jjj-u J ja j jili 4-i^.bLua LjLaj jA j^AJ La I ЛД j 1 1 ПГП (jL. L& jiu-aJ 


( ) Michael Zwolak, Physics Department, California Institute of Technology, 
Pasadena, CA. 

( **^ Massimiliano Di Ventra, Department of Physics, University of California, 
San Diego, Ka Jolla, CA. 
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(JaxJ! Jjjj jia j! jj <jl tjU j c_flLjaJ . CIjI _j! J jj-alj*J! cii L <Lol£-o LlxJaJjujl I jj 

LLxJ! jli t<xjLaJ! fi jg_>VI (J-aC. Jijjla ^^£L^j AjJjjaJ! fi jg_>V! j -0 jjjxJJ й jjJaj-ail 

. fi J£-> V I liiij JLaxHujV fi jj j> CjLLa! ^JjJ ^g-AJ-Q^II 

. jjjac. j-o j£! jja cjbjjjjilVI cialjj£-Q CjIjj j>J! JLaxILoj! dia.jj3l 

^Jj Ljj> iillJ . jj^V! j^xJI Vj cjl>-a'l I^j ^LaIaV! liLjj! jj ^J \jj! Vj 

! jjxj-a ! jjc. L-JC. jIujJ j! 1 g ‘Naj Aj jIa jjlj CllLujtaAJ Cj^jLb-a jj ^ u^i ^^Jc. LjjjLo j-oj 
(jjljial! j! VJ «L>»jl ^gj! il! ^jlijaJI £_iAajJ! jjlal (JJj tlg. jj LajS CjljjjaJI (JA 
fi jAL> l“u ti\\ j t (jLi^V! Jc.1 ^Э 1 gj\c. fijIaJjoJ! 4 )» >.s - 1 J_li j! JLaj u-ol aJ_axj_ulaJ! 

jl_>A jn tijiii ^-qj . jl>*JI ^jL-aiii AjjjjjJai! fijIajJL ^LiiJ! j-Q jj^ aMI jV! (jL. 

.(Jaaa jix-oj Sjjja. jt^s! jj^Ja лла! jj !>Ll a ! j-*j <jjjj>JI ciaLj jjiSJVI 


Яд _>! ja V t (JI>a!I ILa ^J! fil j.W a J_i]l_A>j fijiaj jx-aail !1д ^^3 ^jL L_a jjoi 

Aj-LxJ! Cl! jjLoaII j-Q ^JjaI AxjJaJ 1 t Ajjuj Ljjl ^JaLuUJ ^jxj IJaj .<i aJaLJj 

. (_£ jjLi! jjjLLJ! ^Лс- 1 g Ja^^L (jJ! AjjLjjii! jAl jiaii ^Lxi! jLluJ! jAjJa lg'u‘i^L-<J 

^jjjj cA_Lj j>il fi j^j>V! (juLl3 j Ja>‘i jj! jia jjSljj U_fl jjjj ij-aju-aaJ! 4u>j ^gJc-j 

jiaLj L_fljjujj .Lgu-alj^. ^^э jjji (jiJ! <alL-Ai! (JaIjxJ! jjajxjj ;A_jLj^i! 1 g 
jjljia jjajxj c__fl jjuj AjLgji! (_j-3j 6fij£->VI ^Э 4 ‘NaaII Л W Lll jL djLLi L-iaj! 

U_fljjuij . jx_x-ai! cjiiL lIjLjujLaj j-axJi Л >j'i LgJ AjjlLLI CjL jx-uai! j fi j^_> V ! dJJj LaLa 

.fijjxu-ail dLjjjjkllj <JjjJaxil CjLjjaJI ^^Э ^jLj^J! jLi! j-aljL. ^^Э LaLajAI j£jj 
fi j^_>V! La! . cjLj j ji£JV I (_g-3 DNA Lji! (JLxIjuj! jLAj jl > juL Laj! (jj^Lj l_a j_uj j 
(J j^aL! ^э ciboi3jj ^^э t^Lj^lil Ig iVi j-aljL.j AjjjLi! l_jjjLV! (_gJc. 4 -ajLU! J_jjjj£JV! 

. (jjj jLuJ! (J_ua^i! j (jjLuJ! 


LJjjaJ й j£*Sn qAA j fllj (Jjljlaj ujljl 1.10 
Tools and ways to build and probe molecular devices 


LjjjL iLxj! d!j oj>3 LaA cA-iJjja. jL^_> £-jj-aJ jLjjjjJa (jLj! (jLj£-o <a! 
cjljjjuJ! ^ Lxjj! (jLll! (jLiJuijjji! jLLjJall j .L^jAjJa jj£! j! ztj? j> L_jjjjiJ Jjjjiaj 


410 



<LjIa j Break-junction 2 4 _L^aj IaA jjjILJI AjjiL e> ja -Э 'n*al Sjj^-SH 
4 jiLjjiall jjjU JLuCLJ 1лхл 11 c'n^ j-o j£uu .Electromigration ^AjjLj^LI! aja^i! 

<jjj\j CljLaj jjj£lil 4 Д jj, 4 !» x> jla-ui ^^ic- ClAjjjail jjaxJ ^jlill A_u-al_k £-a 

о!л1л jl_j La jSii LiiLl 4 2 Jj -лЛ ^^э L_jLg_uil_j ^jlill ^_ia^j]I jiajj cil . jai! Sai^j 
. jjjlj jiLLi Cjli A_nj jjj£il <1 с1_11а11 JjjLlgjLII CjljijLill jbLilluil ^^ic. ^jL ^guuiLaiVI 
(- jJ jjjII Ac. jaioi iajj Ajjj jait ci iLii jjiLlV I jLa-* LIcLiIaII cjl jjjLill cJa <1ал 1 j-o j 

^uulaII jg ~N .а jl_AXJjuil ^JaLlt |СД LLa^/ jjflLj 4__fl jjuij .LJAill j* ^Ja-ui S-Hj 

^gic. Liili Аялул CjLjj j^. ijL-aj^ jiiLL Scanning tunneling microscope STM ^^^Lll 

.^СЛд_л ^ia-ui 


Break-Junction technique 


jmSSS 4 ±*j 4 j& 1 . 1.10 


jL-GJ t-la. fiJJ Xua *6J^3 jjjSlil (XJSj (^jCx-Q cillul Jjal£ jc. JJulLll 4lu£3 J ^JJ 

CjLjjjLL jLljl ^Э ALjLII оСД Cjjjia C3j .Lg_i*jja dAjjja. <C. jx>~n X) jl £. J j^. (XiJaj 

. 4 a1 Гпя.ждд (JjIjI j ^^uJaLll jjall 


Ac-l_ila]l Lg-i-aj 4 A_*jLuil CjLjiill JLxluiL (Xjflj ^Лд_л Hjui n-oj 46 jLc. 

(ДпЭ jja Aij* 6 jj£j (_jic. (JjVI Jj-iaall jLjlj A_ljj jjLiyi i -л jaiL i-C.l)iall jl ijJjjJall 

.(^uuljjj ^iajuiljj 6 jj£j3L ^'L* 1 (3*-л1 Ljaj! jL-«j j! .Polyimide cjxlLll .iiajVI 

f c ; 

S jj^jll ^ (эИ! jjc. LUl juiSj (L . Hui! (Lil Ajjjjjil! 4_*ja. j! ScLa. Slj jjx'nCi 
jjaHI J\ HuJ! (j! ja. SjLc-V ^LL $.LauVI ^g-^jj ^j . Lgiiijj^ 4 -njVi AuuLui <jil! 

^iaiuJajgl jiuuLA Aj! ja. jjj 6 jailll jiajC. iaJ-Jaj Hui! juiSl (JjxJjuiJj . .jjAa. jj 

jjj iiLuiH jjac iaiiJa jjW'i 4 6 cLc. <j5La! jjjui 6cL jA jul Piezoelectric actuator 
l" 1 Vi ^uJajJ lil .Lguic. A_iajLa, 4_iil j3 jjjaj jaa, A_iaiuJaj^ll! cjLl! ЛЛл"\\ . jj! jai! 
jjSLj.it jjj 6ja_all diilS 4 jjS! ojjSjll dila_j! LaISj .1асаС 1 jia. ^bjj (jil! cjjSjl! 


Jjull! <LajJ jjll <La jl! j-o ^ jil! l-l^i AjljLui Ajjaj 1.10 (jSxi'il jJJJ 

. LS jLSj-o 1_^лэ ^SvLlt 
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f jjaJ! ^JC' JjIa-a (jj j^aIc- ( &) c jj-ujLLl! jjuaV (j) c^jlLa JHlu 

. (^jlxl! ^JAjI Aj£jj^VI AJajl jII LL! ju Jau 2 JAj-aII jpa) .^LuAVI £_ j-Ja j-4 


j* JL^-a j^-o -liii jl j£-<aJ . Jjua^ll <Lua j 4jVq l\ оЛрС- A_1 xjJJJ LjI j-o cilLlA 

c_fljjla 4 bs^kW/b Sjl j^. LlA_^.jJ AijiJI oj! j^. 4_^.jJ jxa LIaj oj! j^_I! CjL^j^ 

£-Uj bjajl L Ул"п j .<jjL! L_J jbLil CLLjjjj £_a jiljjlljj 4 ©AjAuJI ^j'Vi'I 

^lj I jLij j .Llijij djlLual j-Jl AjjjUII <Lua jll £_ixua jl j£j j£-<iJ 4_i! ^ *1« x>J 

jjIU CjU jlij jj£i jl ^xijJJ AjU to jj^jl! ^ Wl Jjua^-l o J>^'l (JuILa Li u>i jl 

juuaixl! JA-oj jl^La jpa ji! jl.vUi jjatjj aj^_al! (julLa j! ^Jj tillj Jjxjj to jj» x-o 
IaAj .(jiajiLliI! (J-qLxj J jxLJ! ILfc ^^-ajuj) AjjViII ^ хаЛ ig,ll L_Jjj jil! ^ lUii ) ^,Li» хЛч J^II 

. 0 J>^II JjjILaJ jjsj! ->SVlII jjQ (j^-AJ 1-л 


Benzene- ciul jUl! ^Lj — 4Д— jjjiL! cLtjjj^. LiL^aj* j^Ui Я_А.Д! ^ j j^. 
to jj^jl! l_jaL! j^a ^ jlLa tiliuj (jxuM ^ia . a_uL1! олд JLutLajb 1,4-dithiolate 
Я_р1_^.! л1Дэ dijj£jj J jjMI Lc-ja^-q j! jUL L_iAiI! ^-Laju jji Uili diljjj^_I! i»LVi^ 
(jjli t J jU xa l l ^_i l_ja11! lIIuj Д .Self Assembled Monolayer SAM iLli 4я*у* 
^lj jxuij) Uj^. jJS L jLaII l_ia1I! ^^.uj! j J j^. Luli 4 »L~n ^ ajjL^.1 л1Дэ jjj£j ^Jj Lili 

c_jjij i JjU-aI! jLj Д .(Liluill ojill oAi^j LjLg-j SjjjjJalL "(j4j" 4 ^K'L .ixAa i V Li! 

4 LaVlll йЛА Aic. 4i! LjxJj .^Lj^lll Jiil! Jjaux^. jiaxjl 1 jag x>i» .1 j)-o Liluil! Ljla 
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0.8 J)*4 ^uujIj jjj AiLouJI Cijii i5j .L_lA^]l ^^uollj JJJ JjijJl £(J ja3! (Jj-£3J 

2.10 (J^ll C№ .CjJjill ^Lj — 4Д— (jjjbll jLjaia.V IaJ ц?1 ШШ 

2.10 ^laLLI jaijJallJj i<Jjai]l aiA c“l» н*а ^ji]! jjoi£ 1I <L-ajl LlJi-bJajJ 1 

^jJa Лс -ljj ^i ^fLaill jI^aJ ft'Cl ^ LS^l JjLL • Д > ^Lj ^LqSLa la^V ij! j] I 

^liil CiLj jaJ! ЛЛС. jA Ld LoLoli ^aJal jll j)A ^iU c4iii]l (jiaxJJ Ajjjli]! <L-aj]| 

.С_1АЛ]| ^jujIj] Aj]xa]l iajj]! A \f \ Ln Lqj to j~va]l jjoiaj 



|* 8.48 A H 

jjUjja. SAM ЬЗ j Ajla^a AjjL) AlJa ulj jruS Ai^jj ^jAjJa jj ЬЬ4 . 2.10 JSJJ) 
. (j»jj*J) Aj£j jjiV) AJajljl) Aifll jj> Jxj 2 J^jJI jj) . jjJjjjll ^jjljj — 4, 1 — jyjjJI 


AuLj 4 £ Sja^lL hjll Jjljai jjj£j 2 . 1.10 

Forming nanogaps with electromigration 

J-ijljjjS а j&Ua сДллаш! (jjli>2! Ajjili CibL-aj jjj£j] (_£j^VI ‘LLjja]! 

lL^j^ jjc. SjLjjjaII Cili jjj^I^U j£aj .(Electromigration) AjjLj^! S ja^JL l_ajxj 
! i! (j! 6L_il£ jiij Sjjj£ jLU! <iL£ dil£ lijj . Igij! ji ^iljA jc. Iij*j ciljil! jj*jj jl 
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C_L-a jaI! jj^a Cj' 4 jAll j^o! ccillj Sjpxjil dljlj^. j)A jn^ С-^С* С_)*-°^ 

Дх.1 \ksi\ jn£ JjL j-^e cJj-qj Cnlnjji^iV! Sj^Jb j! ji V . 1 g'nSxJ ^э InjAj <ali-Q 
<j| Vj . CijL-a jaII c_fll ks~x\\ Cnljlc AjjaUJjl! jlAdVI AnlT L$3V AjjjSjaH CilijjjjiiV! 
V j! c_£jiln tilluj ^ h^ij .^cjAa j^i ^lc- <jjj j^J! ciiljj jjjilV! jUaj ^A LgJLla'uJ j^Aj 

£ л 

jlcLo ^э ^vJb ^juliLJ! Ajjjli oj^-3 jj£i . 4ni j ji^lV ! A-oj^JLi 4c.Lilal! jLAitLujLi 

д 

cilluJI 4-iL-a ja ^lSj c^jbj^l! jUU! £j\jj *Lnl ^A j .tJLuJ! ^A jaj (jAl! jUU! 
jj -ч. j^\ i ciiLuJ! J J i j ^ jjxjj ^l cSjiAu^al! jLnl! di! Ajjj Л^п. .4nnJj3 4 Li i j ^ 

ccljjjj .Ajjbj^ll ь j>g II Anld jjjuij Lq ILaj *Яа jIAaI! ^A jj*j ia^. jJ tLgnclnj 

jCAj .dn j£j СЭ "jj^ -Э j! ^Ic. aJIj LnjAj jLuuail ^JI 4 jL*a jaII )a)g j cjLiiii 4пэ1иСа) 
jjc jjj^JV! jjj ajAAjI! Яа jIAaI! jIcAa ^^lc. $.Ln lillij cl nm j^jj ‘ л j 7 4 - Q 1 1 j^jc. 
jia3 jl£ !AJ jjLijil ^juaj ja j! j£ili Ij^. <LIA ojjjjjuiI! оАд j! j^jjj . L.n.w jjjj^jAl! 
(SEM) ^jjiiJJ ^c-uiaJ! jg ~ n л ‘jjju-a 3.10 cJSx'jll jjjj . 5 dj!jiA jjL ЯлиСа^ j^i tSlLJl 

оАд ^cac j^Ajj . [i-_j — 3.10 cJ^'l] 6i*jj [I 3 . 10 JS d\l] ^-UaAiV! cJ^ n_iAAi! с*\Ш 
^ \ci j - j i X\ ! 4_L-aj 4_nA_ii 4_g_iLudA 4 Aj jiaj Ajjjj^ 4_L^j jjj^ji ^jilLl! j u-v Л ! ^a 4njA_ii! 
djLnj^J! ccc. jA Ia ^_jJa! ji! jA (jjni cL^jjl^jA Lgn^ ->SVia\I jjui£il 4_L-aj 4_iL^. j Ijc- 

. jjCjjiSLJVI jJJ JaLiijV! cj^ jA Lqj cAjjjlnll ь ja^ll juiVl ^nll 



(tn) j 5njlnj^-ii! ь J^l\ JjA (!) t_i&il! jA CliuJ ^jjjii! j-uja j^-a-n d jju-a 3.10 J^uii! 

. (fLjjAii ^£jjaV! .i^jlaI! ЯАэ! ja jju 5 jajaI! ja) .Iajju 
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Probing individual molecules 


sJ jildl tljUjjaJt jxui 3 . 1.10 


a (JLaajjojIj CllLj j^-II ^^Э (JajII j-£a! jl. jC CllLa jLt -л LS^ cJj)** 0 * 4 ^ (j^AJ 

^Jajoj ^_^1с V jl LfjU Cj iljjj^JI ^Vn .(ЛЛЛ1 (Jj-^all jl^i!) I x-^J STM ^'^'Л ^-uixJI 

^Э ^uJajA IJAj . LiL LujLcJ <3j-£3 jJ ^iiil! ^uuiaI! (ju! j (J-oxJj-uJ ^aJ C^^i-lx-A Jjjifllj 
• Jjjj^iyi ^JajuJj ^qqJl ^-ujuJI jg ~ч a (JJjlj jJJ l^.lj Ljj^. jjjj (jil! 4.10 (jSx'JI 

^^-ajujJ Lq ^Jc. ^aiil! ^-ujuJI jg ~N a (JjaC. -1^J*J tdJlill (Jj-£aal! ^Э (Jjo3jJ LJ Lijj 
^э .SjIc. ojjla^ -л A^LLa <alalA jjlkj j! ^}хл~ч1 j^Aj 4j! 4 Tq^k ^lc (j! t^aiill jUll 

Ig-ujLi j£\ A \\я II j ^qq'JI ^uuJI jg -ч a (jJj ^'^*Л jLjI! (ji«lL t4.10 cJSxxill 

. (La juxc. 1 пш jc (Jij AiLuiA (j-L- (j!) I & jLL Ljj^ (jjjll jjfL Lo-iic. 

jj-^ic. (J -^ 1 »" 1 1' > ? j i X\ l Д \ i ^ j Ь j^3 L u 's~\ Л 'q ' j L\ 4 _^jLula Ajjjj^aJ ^JjluJ! cLljL (JjiI jll 
^-uuQ j£-cj j . jLil! сЗ^ -Lj (j! (jij (_juj! jll lijj! jjjiul AjjI ji aLc. (jUa-o ^ )a» x>i j^ 
<LjlaJ! c^jj cdljL ^aai jLj (jlc. lala^AI cjLL 6(jj! jl! ^Lajjl jjjjtlij Lg_l£ A 'nx 'l 
tL^ljij UjLj jaJI 4 j\x^jj (jjLalj ,^:.laxxi\l (jjjjjLjaJ UjlclijjV 4_laJJ^. (j-L* lL-£X^J 
c" n m AUu lIajlI! (jc- t j^-^-aI! (JjjIj ^LjjI ^ ^SWi ^jill c4jx_^.!_jI! AjULII 6jL с_аЭ jj 

4_iil jil! jjjxIij (/-V) Ajuljil! - jLjI! (j-£3j\ x/i~\ (jjLi (j^jaj с" n^x АлЭ ja ^Э (ju! jl! 
<jlx-£a jaI! (jl ^j oLiij/l а\ 1 (jA .<lixl! ^)JC jLaI! jLjI! jl^Lo (Jj^uul j Aj^.jLi-1! 
.ajjjUalL 1^.1 J Ljj^ j/ cUjLj jaJ! (j-o a jj» x-o Д-С ja~n a j-alj jl (j£-aJ LiA JuuiL-Ll 


<-U c 


^liill ^uuuL! jg jk a (JLaxIuiL A nx \l AjjI ji- jLj j-£aj\ хл~\ (juLal (J j^! 

(j^AJ t^^X-L! Jjjjilyi ^l^xxlj (JJjljII (jjj L_l jLja jLj (jjjlajj3 .L_JjLjaI! jLjI! (jl 

.JJjjl! ^lc -IaJXJ jLjII (JJjLi C-lj^j 


ц^м^ч iLttli 



Jft x •*■ ■ " в JLslil jj—j Lxj Ц -jUJ w »»‘" Jutu-u 4.10 JSJJI 


. (iLlJjjjJV)j fLj^Jil u ■ . лц » цл л Aiilj. jxi 7 ,xxjJI (Ул) .4Jjb 
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LuljJ j>J! AjlAjS ~ jLj J-aj\ JlLi] ^LuIa]! Jg y (JIa*JjoiI jl£ jj] 

^jl V] . Lgua Jajll j-aj\ jc. CjLa jSxa ^ic. Jj^-^^W Jj! jla LS^J^ j-° I j^lj \j\ac. 

^ic. juj£ jau LS^ Cj' j^-*^ J^H^ jl ЛЧ аЭ . uLj,K<iti j>»a j ^uLxu Aij jlall a ЛА 

"jjLaj" J-ajLLa JLljj ^]] (JjjJ La IjAj t£(jjaJlj jg > a\I jJj juj (J^WI j>LaJl 

^gic. 6(J jJJ Ac. ja~4 a AiLjalj Lnja. tjlli ^Ua_uaJ j^AJ 4ul V] -Lgu LU jC-ja JJC. AuSLiJa] 

^Jxxi>\\ j^AJ .Vm-\ j jj\j L_lA j ^Jxxi> j L^JaJj ^aJ £(_£ jaJI AjI^U J] t J\ua1I Jjjjui 

jLnll <Ajj ^^Э luiLja] \u\ujjl c. ^ 1 Uxlj cj]]j j£i . Jg >a\I JjJj (^ -0 LalLu jj£j (jl (Jjj\j]| 
(Disadvantage) <Jua <а j j . jg >a\I jul jl 4 'uxiaLLq Aui^l j ^ujujaJI jjiILJ ^auuj jjjILJI 
JaJl j .^JajuJl £a o juLtUA L <aLix*-vi jl d j jSl!a]I lu\uj ja-W ^l>ja] 1 JjL ju Ajl J jL.1 
SAM Ja>'W 1 A_ulj]l Lu\ujjaJI j)-o 4uj\_a.l Alja jLwtUjoil jA ЯК xxia\I aj^J j£-u<JI 

.4.10 7 jSxxJI ^Э jjjul] laij 'L\x.a ja]I" LulujjaJI j-o ojJxj-a <C. joau Jf*u] "L\jlx]l" 

Д_а jlLo j-o I JJJ^ JJ^I jLu jl j>j jJXA £■(_£ j> LS^" "JjLxSI" Ai-k-a j\Ja 'l 

.<guLuiA <jjau ^Э jLauAVI ^ jjJaju £(_£ jaJl 

iifla tjjjSil (Alkanethiol) jl£WI Jjii JLxUl jlxj tJLJI Jjioi Jc 

* 

7t-conjugated 7t Я£а1 j-<JI lu\uj jaJI ^Jia ‘SAM £ja>u]I JujI j Sjc-LuA AjjLa.! 

j^AJj ja>M 1 Auj|j]l AujL^LH <ija]l jc. I jJ*J jj-auL C n^i AJjjJa jj£j jl c^ i~4j ^u]!^ 
^LquAVI jjJajA Lu\ujjaJI jl lujjI jjj . ^ ^^,LWI ^juia]! jg ~ч a A JaxJ jJ \,g »Э ja jjjau 

jJa\uA]| j C£UAau]l J_ulj]l o jC- Lula]I Auj\_a.VI Aija]l LUjJC. jiaLiA ^^Э \,g xxl^ 'i jjoiau 

* 

Lu\ujjaJI jiuU cJjjj]a]l oj^uj .4jj\_a.VI Aijall Culjjja. CulALaul \_£_аЭ jjxjj (Jil! 
jg ~n a 4_IajailjJ Lg_x3 ja jjauj ^»ja>M1 AujI j]l AujL^LM <ija]l A 3axJ jJ ^LauaVI jj-ajA 

. IgjjL-ajA (JjAuS j^J -^-^4j ‘t^l ^luja]! 
Lulc-jAa-A ^^Э j! ojjiiA Lu\ujjaJ! Л-Ах -ajA (Jjj\u 3 j^AJ AjLaa jau ^^Jc-j 
Jxuiil! jlajl] (Atomic Force Microscope) AFM Яи jil! Sji]l j^u JLa*1ui\u ojj I u 
cj jau j!) <uu*JI Jj3 L^£jjau JJ3J c-^L 4j\_gu ^ j $> a \ 1 jaIj lujjj t\uA .[JjVI 

\_*_u Vj jjj !j jxj-a (JaI jll ij]jaujj .^^JaxjJaj^ jx-ajc. JL<utloi\u |а‘пз> \l cJjjau 
L_Lui£lj c^^LJl j^Ja jc. Aujju] J-oju jxiS» Vij .Aujx\I ju A )\^\ a\I A ч)У)а\1 ^-\_9jjV 
tAujj]! q ji]l jg > a Jax\ j\ La‘i ij]\uA .J_AjaJ! ^xJaliA]! ajjxiA JujjjJa Luljjjj 

JJC. jjI j]l lJjuu 6 JjV! JaAu]! ^Э .^Juj\u ojSj Jlc. ^UJ Juaj j ^UJ jjj J- 0 JauU 
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ул\\ jl£ lili .AJlc. 4 n» II jj£j LLLi^. 4_i3luJa! oj3 <_£.jjj J e^jjLll ^ Wnj i4 ‘n« 11 
^Jjll <\JLb. ^Э LqI .A-ujJjLjaj ^lijjl ^"Llilujlj ^Jajudl! ^luia j^-ol cciili (jj'q Vil IjjIx-q 
Lq 1 Lbj ^^Ljaj g.1 W 'il (Jj-a^j V l" n^j e^jiLll jl 4 m II ^lijjl ]-i u^ij^ c^Jlxll 

4_1эио1 jJ SAM £U^JI 4_iili AjjU. 1 <aJa 4_iix-aj-Q (_^1_1Э $.1 jaJ (j^-^J e< Lijlj ftj3 ^ A» j 

(jjjljil jl^ ^Lll jjJJ Ajjiji (jjjlajj (jj-sajA ji jg ~ч /jj Ajjil! ojiil jg 

. 4 'n« 11 \g jlc. ^.aV'n ^! в jj^jl! j 

Conductance measurments d-ajuJI JjLjLjS 2.10 

ciiLjj^J I-V AjjJjil! - jL_£lSI j^ajl >л-\ ^jjjLi jjljia (jjLoil! ^JaL<Jl LjjJialj 
UjLujLlii! jjaxJ <jJiall<J jVl jjj&U. jp-jj . dilflj jaJl (j-o DjJXj-^a Cljlc. jxi'NXil jl ft2jij-o 

Ujjj^.1 (jJI UjLmbill £_ 1 a^. Ax_^.lj^ jc. LjajC.j .A-ixiixil Uj! j jjuliAil ^^Э ftJjljil 

^cjLjj C. 'qxAn lg_Lo 1 ks -хя \ ^q'Vn L_fl jjuj c(jj-iaail ILa ^LajAI jUaj ^ jll cilliij j^l 

fti& ^ jj-sa^j l^_jL ^q'jyj jA\ <aiH-All Jijil djL_ill jjajc. jji 1 п^лп tillia .4_jjl_jj-o 

UjLiil j-o l.iijA (jl j t jjxjil £jjjuj JiaJI ILa jl ^Jl t^jlill jJij ciiiij 1 j jSi . UjLqj A jx>ll 

£ 

jjuj ^jill AjjIj jjill UjI juj.iq'j'1 j-Q Ai^xil jli I il . jjg hll Aii l_j jldill ^SVill 

. L_JJ jiil (J j'ua^ll ^^Э Jj»,'n jl j^-aJ I g XI, Wl 

^aa^LaaW AjL^aju^il j j)jjbuil 1.2.10 

Contact reslstance and quantized conductance 

j-o L_illijj tLlJJjdjj Ljiaj ^LqjAVI (j* JJJ^ll jLI A_Lj j^. jl g ~ч1 JAJ 4 -qj 
^J sai-Ul l 'nl'i^L ^il .l-jaLII j-o jjjjj&ll jjj lIuIjjjI! ^jLj — 1 ; 4 — jjjjj ^(_^j^. 
.L£jjl%0 1^лЭ ^SViJl J^l 4 L-OJJ ^jjlill ^.u>llL jlg *ч!1 ftiA 4 \kf\ (jjLuJl 

Ц-З — 5.10 Jiill (3JJJ tft jjg yjll tilij A_iii j3 — jLj j-sajLual l — 5.10 (JLUI jJJJj 

(— S— (JjJjil Lulc. jj>jj.liA Lulji jl jiajiijj .lg_S A AjP ^ IjSL'nl 1 Liiv4,a 

j-o jjjuil j ^Jajuj ft jil CllJjjSil l!j! ji -LaJJ ji3 £(J j>ll (jjjl-^-j j-Q (J£ j* jilajj H) 

г= г= > 

^lAr- aj2 jj 3ajj 1 <b*4.V l£_^La A_£ll jlll- jLjj]I j-ajl , J~ '/'J -C_iaL]I 

CllL/n, йЛд_1 JjJl 1лА j -й JT^ ^ . 'q . j j . j! i 'iV 1 4 j йА] ч]1 4 l g Q. ^jl 4 ,1 , л L\1 

(Highest Occupied JjLLa jl.£a Jcl (jra. Cilijjjilb Allla-o 4jijji£]j 

(Lowest JjxJui J4C- jIa^ (_j.il Ci^j (X-L Molecular Orbit HOMO) 

jaJI j-joLL Lalicj .UjS jjjjSll 4 j .>ij, Unoccupied Molecular Orbit LUMO) 
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11 j НОМО II jjj ^^-ajj^ ^jJjula Ujjjj CuVLaJl oJ& £_uijjj l_jaJ] 1 (jcjj p^j] 

c-(j jaJl CuVLa. (j-^y jL*j 4 jL^iVI 4 jj]j3 SjL jjj . [1 6. 1 0 JSJ j^ail] LUMO 

ЯлпЭ jj)g'3^i ^Jj ^uiju (_£Jjuj]| j! (j, ‘ч -Q .Л AjjI U ajLll CuLj-aLII £-c «. Jjl 4_lijjiL]VI 

* 

(jii] I JJJC." J 6 jA\Jsi]I йЗь c_flj*j .[l_J — 6.10 (_]Sjol 1I jlajl] 4 jL^tjUI ^Э ^ oloC 

л 

^л)^я \ \ j <_$ jxA-all ^jill jjx*i j jjajxj L^ulj jaJ t"Resonant tunneling (jUji jll 

^Aj tJ_j]Lui]l A_iLjalij]l Loj\aa]| Я -J jVJI сЛА ^Э CaLuU ^lj . ’ Я^ J>*J1 aLb (_£-Э 0 ^aLola]| 


Ajjiij]| ^JaluU ^] (jill c-^uoJl j . (^^Jj Lo jlajl) ^^^jjjjll (jijll jjJxj U^jl ^ijjLa ojAUa 


j-o л^лхЛ (_g-3j ^jjaiJI oJa ^^э dila^j] ^ji]! £ jj.^1 LqjILJI jA jVI ° jj^^' 1 

t t 

jc (JjLaul! Л Iji jL IJAj .AjjjJoc luLj j^. JLaxLujIj LUJja.1 ^jjll (j jL.L/1 L_jjl_au]! 


. jjjILUI AjjjL 4_L-aj ^э LojILa]! (JxLL j. w > (_jU! £.^_uJl 



(j -л jj ijjji]| jj j dajjjal! (^JUj — 1>4 — (jjjLI] A_u]ji]|— jLu]l (j-aiLuaa. (!) 5.10 j£-L]l 

f(jjA J jfljaaui (cu) (^ jk]| jjjlao] 4 u£jjaV 1 4ifljlj]| ЯдЭ| ju Jju 2 J^jjL! ju) . uubill 

. UUt j Lj! J i LjjUj (JjU LUftUl (JU jjJ jjoi]l А-Л (JjjLu 


C П*ч ja ^^uLgu V ССс) jLiil] 4_LLaJI JaLuVI j-Q jjjxJ! jjjjjjL]L/! (^ .wjj 
LoAjc 6(jJj .Jai3 JaLu! J_xjCaJ c4_u^aLa. £(J jaJlj c<L-aj]l ^^Э -WjJ Ai! jia. c( jAjaJ! 
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JaLojN/l £a LKc Aj-ujLi1a (_)aLaj 4_ajLLq jjoij ^j аЛА £jjjj]l SjLcl (_£jjjj .Д_^Ала]| 
(JLaj^I^ Lia'i 4_L-ajl] (jjjj£]VI jjJC JLaj^.1 £aj <L^j jll ^Э Sjj^ ja]| 

S jlcj jC AA^Li]! L-q jILa]I dlil£ ; ^}j£l <L-a j]l ^Э Jal_AjV I j jC (jl£ 1 aKj . ^ JlijjiV I 
(_£ jLujj <JLLk (j-o JlijiVI JLaj^. 1 jl£ J с.1а£Э ^LIa j^.!j Ljaj <>aj I LJ j . J^l £jjjj]| 
4 W c C \ 1*ч t2 e^lh (j jbaij ^LajILa]! jKc-j 4 )L/ija S^aLuIa dii^j ; j^.!j]| 

(Quantized 4 AA^'uLall AjL-a j-olb ajAUall aLb LJ aj*j . clulj jA /г j jjjj£]V! 
j^i (jjUji SjjK <aj11a (j ajj t-fljjj JLLaI! cilUI j! ^^ixj ^! conductance) 
Д_а jILa l* ujjI Lgjl (j! cLjaj (Jij Aj j У чаИ jjLqj]| ^^ojILa La jIIaI! ола (Jjaj .12.9 kO 
(JU-aiV! (jISa ^э jjjIaI]! ^э jLnU ^LaIUI JaLjiV! ^jjjj 'jjlclj jjjaj ji cAjuiii tjlLui]! 
.^11 ^jj-LI ^gjj jjj*]! (JjlLL j£a j LLlx-aij jiK! <Li3ljA (Ju-ajA]L 

4(J\ja 1I (JjJul (^jLc .jjjK (jjljlaj jl ^ II e!j| jj jj /jl S jjAII (JjAjuII AjjjILJ jjLjiJj 

jj J ■ jJ ^JI j (jjll^ jjjll JJC- j"' * jJI jl|C ‘ jl ^ II (_1лС. Acju (jJajjlj l^-j£jOJ 


,. E 



(jjj sJjAjjiJI i jaLJ) (j—jj jjluui 4ji jLj Ajjjja. 4i_dj AiUa ЬЬА a i'i) 6.10 JluUI 

LUMO j HOMO uU^JI jSj .fjjail J LUMO _!lj HOMO -J1 

.Ajjiji!) jbjjl £л j (jj'j . (jjJjjUVI £л Lo^Jclij 4-ajjj jjJUjjj Ailia ^jjluu Lo^jLuJjj 

t jujjVI jl jjuVI Jj jiSJVI J j jjujj д-л LUMO — !! ji HOMO — !l i Ла_а2 

. jljjil Aju£ Jbjjl J\ jlij (jJjjj 
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Jju£]| L_3jUll ^Э (JjJjui (^Jc* <Q<Q ^" u ' il<Q ^ A_lix-aj-o]l С‘з)а^к jl 


^JUJ! fiU (^Э JaJ*Jj . ^UiLuJ! jl-ial£j| C-Lli! ^Э (jjaj]| AJ' V L_1AJ]I lJIjuJ A-lL-ajX C** Ui)j3 

diljj j-o Jjla ССс. j-o A jiv4 (Jjuj!>Lui (jj^lJ ajj^ulj-Q 4 'NjVi 4 -qa^'uu-qII AjL-aj-A]l jjlj 
Lo Ijjlj i(__£j^.l <g_^. (j-o . ^AjL-aj-o]! CllljjS (j* (JjL CCxj 1 g ‘з-о JS ^jJ! L_lAi]l 

j jg_^LH UiL c L-o'Vl t^xii! j]| (_5^J .4jJJ j^J! S j^-^-V! (_^9 4 AA^NUuxJl AjL-£ 3 j-oi! Cll^A JJOI 

(J JJ-sa j]l (j£-oJ (__ 5 -i]l С1з! jliil СЛС. Ah'lj I ^L LaJ ci]] L jJjoiSj j^-oJ j . I A_l]lc Aa jIIaJ 


^-ojj 3 (^Jjjjm-o j)JJ oCj^.j-q]! С1з1з\-1а]| С1з1Ь CllVUJ! Cj*J jL-oll jj! j^. Ji^jC .lic. i^j]] 
^4iU£) jlci-° .i^.jj (jjCjji^iV! (jjjLoj ^Jc. c-oj^JI (jj^L LoAic-j .j)jjjjj^]yi (_^э 
1^1 .(jjCjjjilVI Cj^.j jc. <a^.L]I LUMO — ]lj HOMO — II jjj djVbJ (j-G J 3» kS~l 


4-iJjj^J! Cll^L-aj]! ^^3 J-ojll-o]l jlcLo (jLtjjj . jLnll jSjj] ojjj£ <-ojlLo c>(_£ j?-^ 

.(jjjjjJ^JVI ^ (Jjj-a Jj]| UjVL j c-(jj^J] Ajj JJJ^IVI UjVL^JI (jjj L_i£Ijj]| jlcLoJ 

< flj*Ua]l c__l£ljji] (j^-oJj .c-(_^j^JI JJC* IjL Э (jjjjill (Jlfljjl JLoj^.1 l_i£Ijj]I IJa СЛ^ -ij 

^L jjill (_juLoj]I (j-o jl Ajjjj^J! UjIjIaa]] ^ jjj]l (j-o Jllol! Jjfuj ls^ u' 

J_ijjjj£]V! CuVUJI J»-4j (jii! (iJ^'JI ^jui-o]! jg y L_3jL^j jljc. ^^Jc.) L_flj*Ua]l 

.jja*j]l 1 g J jC. Llil£-o (Jj-aajj c.(_J j^Jlj jjjj£]^U 


^^Э ^-jjJajJ Ajj jji^]y! UjVUJ] (. flJ*Ua]! L_j£!jj]| j-o <^jl_j]l J-ajILJI ^ L'i'i 

J^juJ! ojj • U— ^J jjj]! oLj — 1 4 4 — (jjjjjl! Ujljjj^. (j-o Д-с. ju-oaII jju£J! <L-a j <jjaji 

Aic. iJjjjj£]I LijJ Jajjjj cLJUJI оЛА ^^3 . L-qjJ-ViaII c^^J 4 'iLu 4 jjC 4 L^s Jjj l_j 5.10 

A-ojjLS! ЯзОа]! (j! "j jL" j ^ i» 'з j .jjkj l_ja J] l (jCjjj£ij ^х-о $•(_£ j^J! j-<i 4_il_g_i (J£ 

l_iaJ]| j UjjjA]! (juLoj (j^Jj .(ev 4x^\ J_jj j (j-o) JJjU l__iaJ 1 ! j UjjjA]! JaJj jju £1 
Ajj jjj^JV! UjVUJ] Ljjui L£! jj jjjLoj]! !U jja jj^-i i(Jij]l UjL/I -oj-U l** j-a l aj» 
jjjLoj]! jl£ IJj j£] . ^jjjjjj£iV! (_^Э (Jjx-ajj]l CllVU. ^x-q (Jijll jc. ^Jj jjui-o]! 4jJjjaJ! 
<jL-a j-o UjVUJ lc- jj^J Jj^! L_l£! jj <-oj (jU fcdlJjJ^ilj <Ja±ij-o oC^.1 j L_lA J jji Л За * J jJ 

. Jj£! Д-о jli-o (^Ja*J Lq I U j c C j ji^SV I J *cL-a j]l 

j-i^. (^Jj Ijjj^ J_ajILq]| jj*j (j! j^-oj oLojll omUi^J! (J^juJ! (jl 4-flji^. Ujj ci] 

.li^. (jiljj (jJc- (jjiaj]! (J-o*J! (jU С^Э . CllLo j]aj-o]l o-j^J Aj]*U! AjjJSI aJj^jolJ! (J j^. jjj£ 

(jl£ <jS 1 с/-у Ajj] ji]|- jLnl! j-ajl ^Wu (J£cu <j-aLiJI Ajjjj^jll 0 jLlj]! £-o Uijij 

^Jj !U (ji! jjJI ^аЛС. (j-o C' j^. (_£ j^- *^J ^ 13 jLuii AiiiaJ! jjcUoll j-adj LoJ3 liSLi-o 
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LajaC. 1 11л jL£j .^Jj-aj]! <a jl^-o jjjjm ^Э (JjLajU ^ LU,Vlg II (J^jaill jjj 

1 Ag Э ЯКл1о11 оЛА ->g qlj .4_1 а1л_1! С1з! j jjolIa]! ^Э ojj^AaJ! Ajjjj^J! oj^_^L/l (j-o Лз.1х]! 
^Уза\1 jjo£J! 4_L_^aj A_u£u Loj ajlc. к-о‘з 4jjjj^_J! o j^.^.L/1 (j! j^-Li (j! C t 3*sj JjJa^l 

Д_1 jg y 'LjjLj CjLujLqj ^clij jjilnajl! j)-o J£j .AjjLj^^J! Sj^JL j> 1^_зэ 

c.“ U+nl jpjjJ^JVL Jajjjj CjljjjjJ! jl jiajjL l“ IJ^. AjjII! (jiallAlli I^jujAI^JI (JLuil! 

jl UjLjjaJ] (jL-oJ 4_l! Ldij U_aLjaJ .<L-a jl! ^jjL^. ^^Ас. fi jLLiIa j! <aC-Lj ojjjjJaiL 

Ij-uj^. ^jii jl ClLjja. o^xi jLxJ j! 4 j^j/l (jj*^ <L-aji! (j-Q Ja^3 -l^.!j J-fljlaJ jj-aliL 

,^<ailkA cIjIjLuia jjc. jijjj jLnl! <lnU. jj^jjjLlV! ji j 

j-Q Culjj (jjLl^/ Jjj-saLoi! J^C- j! jLaV! j! Ljaj! аЛзЛ^. AjjLj jjjLsj CllliJj 
^SjjjjJaiL 4_J jL-alliL/l jj-lj) £ц£ j^J! jA i__JjiiiL jjjj£lVI ^Jaj_u ^^.ic. jj^_jo£V! JjJ^ 
!La Jjxjj . 16 ’ 15 LK aj^_^.VI ^ЛА ^^Э /-V A_£il J-^LL-aL, JJ*J j! jL-aJ 

4(jjLi^.V! ^Uj cIj! w ^1 jjj aJjLIaI! Aj£L_J! ^Lj^LJ! dj! jjjL ^Jj Li j^. jjL.L/1 J j*1a 1! 
^^э Lujj^j 4^_jLola (Jjc-La jjaljxlluj! c^j^ Lij .Ajjjj^J! Sj^-^Vl ciVLa. (^jj 

о1д j! jj^. (^j • lS ^J-iJ! jjjj^J! ujjjj! U -з! j ^gJl^ aII J jxIaJ! Uj! jjlujjj! jj 
д\ j ^ ч\\ ^j^i! ь j^_^,jU ^iiijii! jLui' j-ajL-a^. L j j^ ^ <j! [‘Уш UjLiLujj^ 4 ^! 
<jL Luaj! Lg_ili ^AjjLxJ! ajjjIiaI! AjjjjliiV! oj^-VI aJU. jA Ijjj^ jj^!) 

^ui! ^jjjjUai! jA 4 С1з!_1_*а! jaJ! (JAlb jIj^jU (JjL jjJjA (Jjx_ujj ^^lc. (Jjj-iaa_ii 

.ajL Sjj 1 gMj^uTi 

A^jLui Laj A-lLj^Jl Lj( jjluijj) jiilj LjVi-lfA^ 2 . 2.10 

Molecular switches, transistors and the like 

jj-aLc. £_1х-а ^Э Ul^l UjLc. ja~n a o^C. 4.** 3^~к 'з ^lii! ojj£-1aJ! UjLjxl^iII ^C-JJ 

< 1 jj-uj • с!з! jjjj_u jj! jji! j с1У1.\за11 j Uj! jjjLJ! (Jjjs jA 4_ъ_иЬ_и! Д -ijjjj^i! 

.^gJjj^J! (J jjjuiAil (__5-1с. AjjujLuiV! jj-aLxil о1д jj'q Vi Л \ ^^lc. ^-1-IaV! jjaxj La ^ )a» 3 
l *' u >п \ UjLq jIHaI I o \ Aj jjjjil j 4_iij jifLJV ! j-ajLui^i! jjj_-alij j! AjjL .iS jj 1 n^\ 

. jjlluiAll ^ jjxj j j! j^j AjILI! Ajjj jaul! ^Ltiii! jj^iqj jli ! U j 4 LaLaj Яз j jxa 

"jj-aal!" jjj LgllU. jjja"i\ ^jU. 4.“l,W t 3 jxSJ jl^a. jA ^jjj^J! J!j±a1! 

<JU jA Ajjjj^. 4_L-aj jJJxli AjjJjiJ! JJJxj ^Lj^li! JI,\3 a\I ^Э JaxIujJj ." jj-aaJI"j 
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(■*’ c Lo Лл. ^Jj (J! Л\а\\ 4_jI_uLq j jJui jjl jjII j . ( (JuaS^ Jij ^ЛС- aJLv ^Jj ( jua jj 

^jl Vj jl jn^ jILLa ^Jj jj» kst jlLLo j-o jLil! SAuj AjI jjJI AjjIjS jnu 

•AjIjJI jc. ajj! jill aJ! jj jj^. ajIL^. ^lc. JiisL^j V jjjuijjljil! 


jJ*j .(Catenane) jLnl£ es-'^J Vlcfo <1 Lo*ILoi 1 j£-<n Lnj^. 7.10 (J^LJl jLy 

Jjx-alij ^lc. ^jUajllj .AjIc- <alik-Q Cj\jjlj3 (jJJaJ Lojjc. AjJklU! Alinj j^ll IJa 

Jllall (JnJ-uj ^lc. jlziilj AjL-aVl CilVii<<JI ^Jj й Jj*J! ^jjlill j£-<n fc^^nll оЛА 4 
Vj! ciiJx*ijj cin£j cjLlinlll! jj (J jilL ^j'j^i^ La Lol . (aJ^Ic £_^.1j-U1j 18 ^-^j-Ul 

(Langmuir- ci±^..j jL — jjjiiV Aniii JLo*liuiL cc*lL<JI jjfLluJI uljLuil jn <JuJjui ^^Jc. 
jjj£jl ja Ajc ja* 11 tSDLuiVI j-a A_nL a1 ± L cinuijj ^(^Lll juaill jJail) Blodget) 

CiljJui ^aJ iJnllc. 4 _nlji CnLiajj JJuJui jjjLaln jI^aJI aCA JJC. jLJl (J^L^ . 6 jl jl! 

Hysteresis jLln ajjj СпСЛ jLa .Яиап (J£ Cxj Ig jlc. 4_jCaijuin A_nlji jjjLaln 
й cL j jn^. Lna , w'jj jLnl! jl (_gJc. Cnlc (8.10 (J^cJl jLj! ) A_nl jill — jLJ! j-njl 

ls^ Ajjjj-Ca jJalnll ®JJ*^ J .CnUljill cjlli ji aij. jn^. 4 _aj 3 jc. u '<al'j Vi CnLCanll Cnlnlji 

.LnjulLJl Oj£li (Jn3 j-Q ^^jlll Sjg-^Vl 



^nll c AnLnjil! Aj£nl£jnl! AnlVl niAj-ui jll .Jaujjll ^ 4 шд 3 4+ jnlnnL 4nn 7.10 Jinl! 
(jl 4i jnajn AnlV! fiiAj .^bj^l jlnl! jniLnn. t jlalnll SjjJ jC> 4jj juua ЦпЬ SSlou 

. (AnSjjnVI f Ln£J! Чпд-да. 4Sfll jn Jxj 18 £-^jnll jnj jjaill 
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I ja) АлД I jjllil CjVIJfLI UjAftjJj (jjJI (jJLj^LSI jLuSI jlaLu e jjJ 8-10 JSHil 

.(AuSjjaVI frLjjiil AjXAa. A^il ja Jxj 18 



(jjLjj —1,4 — jjJjjj *(_$ ja jA (jjjja jjiuijil jjj uil jiaVI AjibL AjjS ji 9.10 Jijijl 

. ((^SjjaVI fLjjijl цял AiiljA j*j 15 j-^jaSI ju) jjjjjjill 
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g-l ^_A«nJ La jLnll Uli jj-'-^^-l A iSn.all a_jvi 

([A 0 ]) " U.jiin " : jLilU j ljjjl£ii Яа j .7.10 l£U 11 Unnll (Mechanochemistry) 
Я1и " <ali_All " 4_1U11 j ^ jjj£ jIjj aJU " Ял. jjJaII " AJUllj .([B°]) " <alxA "j 
Ai*j ^jill [A + ] 4 JUJI ^JJ [A 0 ] aJL^JI (Jaj Л 4 _i^.ja A_iii ja (jjjiaj (jcjj . jj« jLij 

JaJli t4_nl jill jjaU jna. j . jjjal^J! ^jc. 4na. jnll A W Jjll jjj jiLlii! 1 g nqi l_jjjjj 

Ал1 1 ji jjjJaJj [A°] ^JL^JI Л jLjjjl£il jUnj .[5°] Aq\« а\1 aJUI! jliniUl! 
(Rotaxanes) ciiljLuj£ljjjil Lg-in ^jjU CnUjja. j-oVI a $ LxIa jLLii cinlc.1 Jiij .JnlLui 

.(JLnJl (Дпш ^^Jc. 18 j-^jUI jUil) 


JUnil J jxLJ! jjJjui jjl jn iijjlnJl CnLnjjj^lVl 4 Ag aII jj-alnxil jn j 

л 

jjisLn t iijjnj .6 (J-naail ^Sj jjLnll jj-^ai! ^э < L-aj (jLil Ajjjlnil l-lijLVI jb (FET) 

% 

"ала ja£ Jallj jn ^ н A\ ^jill (Single electron) л jiinl! jj j&lVl Cnl jjlnjjl ji 
ajjijn Cnlni ja. jn jjjii! 1 ла jn jj-aic. £-ixm jii*j . (j-ILJl jxmiil ^i (Quantum dots) 

ciJj Л jxjij CijJJ^ CnLjxjna <UjJ ojjinna CnUjja. jn Ая н-о j^i . Ai£LJL U^_a IjUlj 


^-j J aj Ajjxj-a Л Lnajl Ln j^-j ilijLn ojj£-1a11 ^jinajll Lnlniij CnU j.W a Ln ja. 

— jjjjJ! ja. jn ^ jjj-Ainll ^J jV! jnill .ixjj UijUl j* UL ULg-i 

.^^jnjUl FET jjlnjjljJL 4_xnaUll CnU jiLJI jjl j! jn IlU j cini jJJ! ^lni —1,4 

ULav*) e-jjaJ! (J jjjnn 4U jj tlnA .^jill 1лД j-o jLgnL A 'iSaa 4_n£ji 9.10 (J^jnll (JJJ 

> «! 

,L_fljjnanil ^Jj jAmanil j n (jjan (jii! jLnl! x>all 4nljJ AnJji ajJC- jik) VjU 

A_ni ji йЛ1_1 jj Cn! JA JjnC- j*4n L_ijj_tfxJI — jJjnanil jLn -пЧ jUn ^-jl Ljlaj -la.j L3j 

Uj jiilV! Anjlajnil Cl/^U AiUa ^JaLnjj j^-3 Яп! jjJ! A_iiiji (Jjxi-o Lol .<j! jjI! 

. ^njjjl! ^jqiill jjjxil J jjna^. jU UUAll jjc j ji£JVI CnL ja£ Л <nnjlL 


4<iUil йЛД ^^Э .C 6 0 jjJjSll (JUxJjnL jU jjlnjjl ji jjaljxnnl (jj^j 
. U^_in (jjjlUil Я -ijjL 4_Uaj £_a 1_пДл1! j-o jjCjjiill jjjUi A_nLj^£il o J>g 11 LnUxJjnl 

оСЛхпа11 C 60 I! Cnlnjj^. jjjnaj ^аЛс. jLuJa Anin c Ue (JjUn jn C 60 11 Ч 

4n^.jC lIiIjjxj СпЛА jjn ЛЗ j . jLnll SU o jJjiu jUal бАп! jjll Anilji jnixnjj .<Uajll jj 
jjjc. jl jiil J1 LnUjJl idli dnjc. j с/-У Anil jill — jLnll jnajUxk jnn jUnl! 

jlai!) ^ППАЛИ ^Jajn jl <_bnjJL <Ul£j C 60 £(_£ jUl (_£jl jUV! UaiIL jqiill <Uajll 

.( 10.10 l£U 1 ' 
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Jjjliil .uJts j Jfr I jj^-9 4iuajJ Cgo *iS JLu J (i) 10.10 JSjjiSI 

^JajjJI J I jaJ) uJaJj iCfto 31 ,_jJI jjjjii) JJjjj UjJc- (i_j) . jjjuil Jl Ujjj JjUlail 

5u j^ {jl\ Uii j Jjjj .(image charge) AaSjJall AJja-ujj jjj LajlaJSI <Ц-ш 

. ( jjjjUSI ASil ja Jju 3 *-?. jjJI ja) •Сбо 

.lalj ja Clllj dll j jJjoijj! jj jla!j*Jjuj! \ fc^ijl Sj. ikVI ^jjVI ^jjaj 

^sjjj .““(Devanadium) J-nll ^jjjUUIIj _1 |C()(tpy-(CH 2 )s-SH) 2 ] 2+ — 11 JlaxlaiU 

UjLj jal] ^jl Л1 ^jx>Vs\L j jjjai_jjl jj]I I ЛД . (J j^U LaJjJa jl Lojoij 11.10 x'UI 

* ss 

ciuia jj ^л]1 <L-aj]| ^LuijV ajjLj^L]! % j^g II ')L»*udl ^Vjl u_jaL]| j^ tULai ^^Ac. 
^ . jjJjj&tyl jjj I jjma. dij j£ ClA'mll jjaxj 'j^jii-o CIjIjj ja. jl .‘iiiajj .HjLoi 

l Sjjoa-Ulj jAA -ал]! jjj Л qjLaxill 4_ii]ji]lj AjIjUI 4_ii]j3 j«G £jL]| jLu]l ц£Л±1 й ^-]\-^' 

.( JLll cLaill jbj|) j jilUI jjjji jyi Clil j jJjuj jjl jj ji]l lA\\\ <^jLouj jaal\ t/rs 

jLlalaV j^]l ^jLLij AiLjlc. Cljli ^ jj]| !л& jxj jl]! joajL-aaJ! jl I jlajj 

is^ Lj^j-o I jjj cJLj£]l ojj lS^j£* u' ^-^j-U' Су* jL cdiaj ^j! -ia!j jjjji]] 

. J Jjjal jj! Jj]l I ЛЛ j-AC* 
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Electronics with DNA U^l 3.2.10 

jV! jAj t cijL-ial-ixkj 'oJixl LqIa Ajjj^JI ciAjjj^J! л w**Jl Jaj jii*j 
Ijjj£ LoLqjaI j-aljkj DNA Lja1\ l j-a jj-aVi! 4_^j ^ ic-j .(ju-oxil cii^jil 

cjIJj ^Jj I jLijj ^Ajjj j^J! cjbjjjjilV! ^э ^JLaxjj-u! jI^a] c‘ jjVV! ляж,\! 

Sjlaj LaA ^Cijj «. SjJ^J CL_llj£J! IJa jo & j^. j! ^Э Ajjiaij ^aCC- ^ijj jj-tfaj-J! Цд 4_1 аЛ! 

.ajaIjI! viiL^. jc. AJLa^.] 

л-а base pairs Ajjc-lill jrl jjVI > <LoiLoi qa JjS-a jjj- JjjLi. j* liJI 
:UJI J Jj^.j]l 4л£лл лс.1 j5 jjjI Ш11а j . j£jJIj t " iU . и jail (_j-a (Backbone) jLas 

.(jjjljiJlj (jjliaVI ‘(jjjjLUJI t j^baj'JLl 



V(mV) 

[Co(tpy-SH) 2 ] 2+ _»J [Co(tpy-(CH 2 )s- SH) 2 ] 2+ -II ertJa. AJa (!) 11.10 JiiH 

AiuJaJI CjbjLulL jjjJI (jiLij^lll i a.)ilsll AJa-iljj [Co(tpy-SH) 2 ]“ L 'i jj-a (i_ij 

Д aLU. д AjIjj cjLjlja Jc /-C AjJjill-jlJI ojul-ai. (^) .cyclic voltammogram 
AJjLuull AjjJI ® j^ll j$^u> ® jj^ Ш*1! 5 jj^ll J1.J j ‘[Co(tpy-(CH 2 ) 5 -SH) 2 ] 2+ — 11 
[Co(tpy- > f- j L л л JaIj fj ja. jjlujlljjl 1 LiLi^. . Ljj^l) Sjj-all Jluj .Ajjjjaall 

.(jJUll Alaljjj j*j 21 ^>»1! <>) (CH 2 ) 5 - SH) 2 ] 2+ 


t jjCjjiflij ^jjj Lj-iil л w /j jiii j-aljV jjVi L-j^jlVill j* cjc*J! ^э j j^j 
j-a!jV l^ILjqj LjJ! jl L_jjLvii! jufi j . Lq Я^Саэ1_!1л diil£ 0jLijl! j^l 


426 





cilL jjc. (j^ -J J . Ajjjli]! dj^L^ jaII ^jia. j tjjl jx]lj djL-a ja]1 ^ flL-^ajlj CljL-ajA]! 

% 

(jilii ^ji]! Ц- 3 j\ >*Л <« Sjjla jji (_g-]jj ЬЛ£*_а 1! LLl 4 _Ш ja (J^ ^Jj AjuJ j 51 >-aj\ XfO^. 11 

4j^c.li]| AJjoJjaill j^aj c(JI! 1 a ]1 jj>u (jlc. .*<_$ jaJl IJa ^э (Jaj]I (J 1 ~Ч- 1 ^ 1 J\ ^ 

jl jLoj/l ^ J-ixiij Jjjj^JV! (JjLoJj a j! ja_51 £jLuiaA]l djlj jjVIj 4_i^.jj]l j (Jjla]l j 

IjJ! 4_Jx-a j-q J_J1 jjls 1J] .4_nL-ajA j-al ja. ^Э jiji (jl L& jJC-j *LjJ djljjlij]! j 
■ jja j t L-JjlVJI jjaxi ^i3 . AI1 j]I Д_а_иа! j d Uaij] A l_u-aV 1 ^aJI£joi 1 .la,! A_iL-a ja Aj.W'Jljjj 
^jjj (jA j! jxJl c. L/i'ij .LjSij (jdl jx]l Lc.lj3 j)JJ L_J j£]l JJ4*4 jlj-ajA gr u-aj \ji]l j)L 
(jjj Lc.lj3 AJjoJjoi d]ljAj . L_J jij]l £jJaj*j] (jL^A jjJa^l jljxj !L]j t£.lul£l jjA^ 

(jjj Ljiij j-d (jl l_j jailJJ (j£-«uj .(^liill jjjxll ^Lo! 1 j^La. 1 g q»-a jj J-A*j djLlijl jx]l 

^lc- ^-^LlabL] ^li Laj3 3.10 ^Li'^aII jlajlj Ll]! (Jjla (^lc. JilL jl j tjjjljx]! LC.|j3 

.(Jij]l djLill (JjA-alij 


^ L^_i3 L_JjO j-«JI (Jijll (j-al jk с41"» V 4il J t JjU! (^ii-IL LjJI L_ix-ajjj 

t JLIa]! jj±ui . 4 -iJjjaJ! LilLi jjj£JV! cs^ 'ijJ^ aL jli 1 i (_5^44 <i\i и‘т<а CllLajjiaj 

jjj (Jj-a j]] Ll]! (jAxjjoil tti]^Lujj/l oLA u-al . Lj-l]L_J LJji-o dL^L-u! jjal jxLuj! (J ja. 
4W L‘ill .jj Vll Lj-lll jlii (JjLa (^g-L- 4 ]Шэ^1а]!^ £ j_da-«i]! LuLjjVI (jC. jjaJXLujlj jjJjjjfi]j 
. L_jA i]l jl 4uJa^]l ClAj jj! (J;iJ3 (j-o Llilj jjL ( CllLijuj ji]l dllc. jaa-a (^lc. A_JLm]| 

(J jLuU A£LajoiJ ild^. 4ШЭЛ dibL-ul (jjj£j] Lj-lll (Jjla (^jlc. j^XA^l (j-Q .li jA L_JJjuJ jj (J ja. J 

L^JLaxIujI j^AJ j j LiL-L-a ja dibL-uV 1 o jA jl -la. j ЛЗ j . djl jIa jjL_j]| dj! jdiC. 

% 

jjj Laj 3 (Jj-ajl] Lj-lll (JLi*U LulUI LUjJa jxjjujl jij .4_ilija-]l djlj! j]l (j-«uJa LljL-a ja 
<C.LJ a jjaV Lill] (ji! il! ^xiAaul! ^аЛУии! ("nh (^ш jan (J-«iC. ^ S>VI 

culjjj jjjI! j LLl jjj <] j , паЧ djl jjjLil! (jiLij]l (j-Q <c. jA^A djlxlujl :iii .^Ajjji 
(j£-oj Aijjla]! o^_Jj .(l^Jj^, ^j^XA dlL-o (jjj^j (jlj LJI (Jljlaj/ Lulijjl <i.lxA £.!j^.V 

йЛ^] j^AJj . (jjv^» AA (jjjilaJA (jjj Ajjlc. (jJaLlA djli Lj (JjujLul (jjj£j (jA (jjja.L]| 
(jj^j/1 luLHaV! (j-e jj^x]l d]l_iAj .4-ilija. j j ~ч I Lti JA jijj (jl AjjIxI! (jJaLlA]! 
о.Уа» a j (JjjLLa] 1 AjjjL L_l]l ji ^xlua] L-lll l^_i L <U-a"n ^ji]! (jili]! ^jaVi 11 (j-al jk jLixlujj/ 
djVLutjjujj/ jjajC. (^lc. ^bLLxyL] 25 (Xa-J-Ll ^Jl jjjxJl ->jg aII (jjlili j^AJj .А_ш]1 

Li]!_Aa.j 'ijlai (^ic. L^ijl £_^.ja]I di]j (Jjja-ij .4_ilijaJI djLj j ji£]j/ 1 ^Э 4 а£аа] 1 L^]| 
jLlaj ^^Э 1 g *1 a \ _i jjajx j L_fljj-u (ji]l LJl (^Э 4,K Lll JlijjV 4 VNaaII djLIVI (_^Jj 

. ^lx]! L^Luoi 
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jL £l\ (j£> JjC'ILUIj AW^UI JL CjIJI 3.10 

Transport mechanlsms and curent-induced effects 

t \ g i-ol jk jiaxJj 4_iJjj>-\! Sj^-^VI jjljSai ji-o'i^aII jiajxJI 1Ьд jxJ 

jlnll IgAWj ^jll! JjC-lLoJI j 4 Wfcj'l Jaj CjLJI jC jj£l (Дь -alij Л (JISjjVI jVI \ n^-aj 
IjA ^UaJ-uij jl .\_g_LoC. £.Ljj3 jC jjJaal SjfL3 \, nJaaj L_fl jjuj tiiljsi . diLo j1si1a]I tiiL ^Э 

many-body ^Lai^VI jLxi (JjcIIaj a11x1a]| tilli 4_i-aLkjj сЯ ')^aa\I cIjLJVI ^ja> 42иэ\_1а 
J\ oijxJL (jjLil ^j-ajjj 4(jAcl Aijx-o t. * ilL'Vi \-§lV t(^L-a Kondo jijj^ jjxLa^ 

SjaLL LqI .(J\1LI (Jjjxj ^ic 28 jX^.ja]| jLjl^ ^u>il jLI ^i^j л i-oi^ViaII cijljjjaiiA]| 

% 

.^jllil (Ja-saU! ^Э jjoSLj L-fljjaiS J jilLI jjjjii^U ^jqq'JI jjjxil 

JjoL j IJ Ij iajl jIaSI ^^jjjjSI Jiiil 1.3.10 

Resonant tunneling: coherent and sequential 

^ ji яШа j»u. ^ L Vn ji ^uu>" ^-aja^ii 41 \<;. } а \1 jjjiji ^ajojj 

(Tunneling) ^iijil jjJxJL ja£]| liA l_Sjxj .A-oj!>U! AiUal! j£j 

(Wave Ч^( x ) <4 j-U! AJL a J-u>2 jj s jaLL]! ©La jc jjxjj .12.10 (J^i"l ^^э jjj-U! 

L_Jj-Ja (j-aL^. (j! с|¥(Х )| 2 = *Р*( X )*P( X ) ЯШал]! <1aj3 £-J ja ^4^ (j^ function) 

. x (jjx-a ^j^ ( j^>\ l jj>j JLUa.1 ^(Complex conjugate) (j^ixSI L^l ЯЛЛ 

JLUa.1 JLqIxj . ' (12.10 ^i jaa^ll) AiUall _ja.U. Lbajl A^^aII Ajj Л j\l 'V'i 

• 4x.lijjl j j^L^JI jlli jiajc. Jc j^LaJI jp й (J j^V I 4^aJI _ > . „-у II 


т 


AijiJJ) V|/(x) Яд._ 5 л 11 4JU JjSaJI fjaJI j^Jaj .AiUa j^La. jij jjxj 12.10 JLuUI 

, jjiUa CjIjajj ^jht л lIlujj! 4 ajuUI 4i)j jl Ja^V) AiUal) j^La, ,jji UJajlj jiaJ) jaj 

ujVUJI j-o (j! ^Э jj5L (jl j^-aJ jA jV! Aj\. x-o'iujjL \_1 аЭ Lq 

(JJ j! 4-L-a jjj£j] j . jaVI L-jjLai! jjc- 4jg..'n-a\l j j^.\_a-i! L_jjl ja. JLa.! j-a AiDaj-Ul (й j-a!lui-a]l^ 

1^_аЭ (jjL j^.LaJ! Jj^jJj-a Я -ajJaVA (jjalij L_jjj_u t aIjI >*i\I ^JaLL! J Sjj^AaS! L-JjLallS! £-a 

^Ja-ujjS! AiSaj-aS! Liij j>LaJ! jjxJj Uj^. IaUjj> A_Luajj (JjVI j>LaJ! ol>jlj jjjiflSI 
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jnL j£-<u j-Q .biij ^jiU]! j^L^JI j-Qj с^а_1л^а£ 11 jnll^ 

jnj . I^_i3 jjjJilV 1 UJ^ 4-aU-o Ja^3 A-L-aiLa ^4_luj^ CllVLa. ^jJai L_1 C- jJj^u jl A_iaja£JI 

. JaJjoiiJI Auxj 4_L-ajl! ^Э Аа^Э 6.1a.!j AjjUa ЯЛ_а. LIajoij с"п*ч сДЛлЛ еЛА l — 13.10 (J^-tUl 
^э jEj» A-L-aiiU! ЯЛ_аЛ ЯзИа (j jLujj V E ^sUaj V j! juuV! jalaJU jj j£]V! ^Uajua! Uli 

I i! j . ! Ла. ! jjiu-a <L-a jl! j-Q (J _ja.V 1 .lic. j j j£]V ! Л ja. j jLoJa.! jl£ 4 <L-a jl! Jaj-u j 

j-ol^] 6 jjjc. JLua.1 jl£ ‘£« ^_A j-a<Al JJj]l ^LiUa (JjlluiU 4_3jLuia jjjj£]V! AJUa Cllj\£ 

^Э jjji£]yi (^gJ^ ^JjUtL (^UUI (JUiiaV! ^gJj ciLJ Jjxjj .LJlc. ^jjj-UI ja.LaJ! Л L_-a j 
AJjoiaJI j! j jii 4 л]!_аЛ й ЛД ^Э . ^jU]! jaLaJ! j jJ*J jj3 j Jaa. j-Q Алз! jj Lo j t <L-a j]l Jau j 
J SjjjS Sjjj i%a. %%jj tSl^jl] (Resonant tunneling) Jjjj д% jjj*j <45 

Sjjj А_1аа.Л-й Jajjijj Ла! jli 4<L-a j]l ^З оЛЛжЛд Яз!_1а UjUjlubQ tULiA Clljl£ i UJ j .jl%l 

ajj! jaJ! AiUa]! j-o j£! Ллл j-<£]| jjUI diLj jluuUI лс -Uj jj£j j! jA & jjj^]! jUU! 

Л,у \\") 1 g x-ajq4 j j SjjJ]] 4llla-U! A-aja]| £ии 1 JJ (^gk Ajj! jaJI AJiUa]! jjjti-o ^Aaiiij »kgT 

I^-^jjS ДЛлл l iua jJ (ji]l j jj£]V! ^jj-^ 1 
1 


f(E) = 


exp (E -E f )! к в Т + 1 


(1.10) 


•<jr-“ ДД^к jjA Ef % 



.AjjjJa 4JU Jjju *tLa j]| J %-aiie (4%i) 4JU jj ^jJjji AiUa JaU (i) 13.10 JLuUI 
Д1иаШ| (<Luj) SJUJI £ jJjJI %UJI Д д jlai. %£■ V jLiJI AjI! J jjJaj Jxaj (u) 

jJjjj (^ j . jiV I jji e jiLJJl ujVLaJlj U <ji 4 l'l дд11 jjVLaJ) jjj i ah.^t 

. jjj j!) 4JU jj ^ jjiJl ^JI 4 jjJajjJLi V Ajj! jill jLj jl jj Jj jall 
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1_лЛ1с. Lg jiajxJjaij L_fljj_o t^^jjjj]! ^jjqjll jji*JI ^Ljajl j-o .Ij j-U] j 


.(13.10 (_]Lui]l jjajl^ 4_L-ajl! (j^U ^^Э .1^1 j ЯэИа (_£jJjola Jj^j Я]1_а. 4_£l]ji]| jjjj 

LS^J c |4l J^VI JjJjL]VI LS^ ^gjU-aftll jj-a^ll ^J^. <j!1a-o Sj-qJjola CjVL^. ci]l_jA 
<L-aj]| ^lc. jbaJl Л -ij] jS (jllaJ V La^jc. j .JJ^ ^^1 _iaj£]I jj-a^ll (ji j-ajVl .jjjJ^lVI 
jl jLolI] <jal£ Lillc. AiUa CjII ciAjjjjfl]] jj V t( jL^UI Sjl j^. L^jj л!с. jj 

l — 13.10 (_]Luj]l jjfij .Яз 1 _ 1 а ]1 о 1 д Ajc. djL JJJ^IVI l^-i]j l_ja 1 j OJC. Ll CllVL^. . 1 ^. Jj V 

. JjVi ailji 

c (l^ j-Qjll -ч11 ^jc. AjILUI AjjljillJ <L-ajll ^lc. jLiajl AjjI jS jjflaj jj^. Lol 
Jjjj£ 1VI ajC-Loi l!jVL^.j Er iS jLuj AiUaJ jjoijVI ^jjjLiVI LjUjjjilj J^Uaj 
jj^.j . <Uakj]l oLb ^jc. jUUI ^ ^Uj jl jiaLoij j .Uiij ljU jjj^IVI l^jlj L_i&ij jjjVI 
jUL 4_Ja iLi* AiUa Ljli LjUjjjilJ cUUa jj£l j] t^U]U j-o jj£I jU^-jVI 4_ij]ji SjUj 


j-aaUjJ t<]L^JI йЛА .4_L-a j]l ^^Э AiUail (JjLuia £_д jjjj Я]\_^. ^Э jj£j ^ 


I_^_i3 j-a^Ujj ^jjll tUlj jUajVI ajj] ji SiiU ji jj .(14. 10 (jLujll jjfUI jij) jUj]I 

'. j кя j LILoj 4 . 1 . >.1 q'. LjlLo dll j <й!а1л 4_ij]ji]| £_л jl 

f Ъ 1 _ 

dv 


4-1 




( 2 . 10 ) 


Jij J_J4C- j^ j^AlJ .14.10 jSjoll jVlJJ (jUbO L-l j]laJ I_g\ 

* 

^э й jji ^aLujj сЯ] 1 _^]| о 1 д ^ 3 j . aULuj <jLialij LajLLo djli a \a Jj^j jj^ j-o 

. jUj]I ^Э V t ]аЧЭ 4_iL-aj-UI 



.AjjL J SjjJ J-A /-V ^ли 14.10 Jiujll 
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JaL ^jL .<LLdj]| fjb AiUa J-uiluiL Ui jjjxL ^AjUajj ^xujj 15.10 J£UJ! 

L££j jjxj 4jlgJ]| ^_yij (Llill 4JLU! jjxjjjj cLlxil AJLLI ^JI jujjV! JjjjSJVI J>a 4 I^ull 

• l>ajVI JjjJiW' сй 


J / J U J ^ j^L? cj! U^ - ^ ц 1Ж уЛ (Jjx-Lq (jl jV I (jL LIaA I Uil 

Lj£ol c Jj^a]! lUb (j-o JjC-Ua c" 1х-о*ч lil j£] •*Ц- л J<e£ll jL]] JL'a <*_Ua j-L j-al jL 

Л.1А Ja£]I jLll ii^JA CJjoljVI Ajjj£]VI (j-e Lnjj (jajll JJXJ jjjji]VI (jl jLjc-I 

Jjjj£IVI ^l Ifoi jjxj AjL^J]! i^j t(\-£j3 ^-UajAjj (jl) ^jiUa (j-o Lja». Aiaj c." n*\ 

(jjaJjJlxJI ^qqJI jjixJL c 15. 10 JLuJI (_^ 4, \))a\\ 66jA\Ja]l oLfc (^-aj-L . (JajVI 
.lijl jjSiUI ^gjjj jll ^giajll jjf*-SI jc. c. ‘<aV\S . j jjf*-U JaAj jAj ^(Sequential tunneling) 

^Э jjfL jl бД -LLjj jC. I j“i» yL jjjjilVI Ajjj LoAic. JuJjjJa]! (_giij]l jjJxJI J*^r\j 
L5^J 'UJ® JJC. jl Lja jj£j (jl fijiix-JI (JjxLa] jLoJj .<L-£3j]| £a AjjI jjAI aJL 
( AjjLll aJL^JI ^ j ( jjxjjII Axj AjjI AjJI AJiUa ^Jc. j j j j£]V I JaSl^J c J jV I LJL^JI 
(^Э \,Ag k j jl ; j ja]I jjC. j (j ja]I c jjxjUI ^J jxJa ^L£l j£aj j . Я£11э ^ u<.)Sj jl j j jj£]V I 


. (UxjJjujJa]! (^ii_J! J jJxJ! 


oaLj (Coherent tunneling) -Lj! jlU! (^iijll jjf*JI ( JLim! j!) Ja*_a j >»q4 n j 
aLajoVI jj£js 4 (^^л1ц1а]! (_^iij]l jjjxJ! ^JL. (_^a La! . jjAjjj£]V! jjj AiLuiA]! aLaj! 
jljWl cj' V a*_a Ja^. (JjLuj j^.1 j^JI (jA <LuJjj jLm.1 Jaxa jV J^l Я^Ьаа]! (^Jc. 
jj±*JL Jj-a^J t JLaI! J-ifuj ^Jc. tLUI (^i 4 W L\l Jlijjl jl AilxJj .SAj ijA j^.1 j^JI 
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^Lj — jjjjJ! ^(j j^. 4 W ortti ji l *>iji jiLuj .l_j j£U JjoiLAaII ^qq'JI 

.Jajljj-a]| ^jii'JI jjj*JIj lajLoi jj£j-U! Clu]jJj]| 

I j jLjI! ^,L»j cJajljlAll ^jqq'JI JJJ*]I aJL^. ^i 

/= Ц- \T(E)[f L (E)-f R (E)]dE (3.10) 

Jij]| jjLx-o jA T ( E) j ciUj^L CjjIj jA /г j ( jjjjfUV! 4 W <■ j e c." п«ч 

\j]b LoA / л (£) j f L (E)j tE iS jLoj AjiUa jjjj^JV ^_K1! (Transmission coefficient) 

dljl£ t^jjjj ^^ljj jjJC. *j]LjA jL£ lijj . j-ajV! J JjujVI jjjjjJ^bU ^^-qjjS ^jjJ 

.£д jjjj]! A^LLa Jjc. 4 _аЭ Jaj]| JaIx-U 

(Thermal cij! j^J! jiill ^ l£j^! 4 Jaj AjI! jj^.j J! jjUj I jj^.1 

.jjaJjC. j jjai^_iA AiUa jV^. c"lVi ^-qjj3 (JjJjoi-q ^Lj Lajjc. (Jj-sx^j (jj]l hopping) 
Lo! . jj/ll j^UJI jja jC. I. lUtil I j^. I jJXj-a j^.LV] ^Jii'JI j jJx]l JLoja.! j j^J i .Уш-ч 
(jjl jjA^I 3-члпИ Sjc-Luuj jjjj jl jjjjilVI AjUU jLjj3 cAj]Lx]I ©j! j^J! CjU.jj jjc. 
^J] j^L^J! ^jjl^. j^.1 j)-o " jiij" jjjj£iV! j] (JUjj c^Ajjj]U j-aLk]l jjjji J-ia'] 
(jj! j^J jiUI jUjc.1 ^c.jjj .( jjj ji ojc-LoiAj^ 4 Lijx^ij аЛл. (J^Lk j)-o jVJ! c—ijL^JI 
4_jjjV! S jg_VJ! Liujj j Ijjj (_£jjj l) ^-^j-U! j^ tLjjl! ^ aiLa* jij aj]! 

.AjjLuJ! ^JaLLU! ajj^jU! 

jUUb VUaj^JUU! A^jiKjal! Jj&lL&D 2 . 3.10 
Current-induced mechanical effects 

(UjjVj ^UUj cAjjj]! Ig'jjj ^ jjjj j! jL-cj jl^. ^ jUjI! jijjj Ujjc. 

Ajjljj^l JaLaj! ^cjj^jj j! ti.10 ^JaLU! ^э jjj LJ Uij ^AjjUj^£j! 5 j>g IL^ cjljj]! 

dJ! j Us CAjI JJJ^IV! A_1aAV! fijjjUi L_ia!jC. j)j]jxi-<J! ЛЛ] 4 _a1j .A-ojiaj-UI (jj^uoJj 

(j^-aj Aj! 1.10 ^JaLU! ^э Ujj Uj! jj^. (^j »(_^jjU]| ^jjjULJ! ^э LqLqj Д_а jg_i* jjc- 

j jxixJ! ! л& L_ji! jc. ^Д! Ua jjujj Ujji tA_jj j^. ciLyU-a j ^UjJ AjjUj^]! aj^J! JLaxIuj! 

. ciL j^-qII *ojjxj-<J! jl g VI ^^э 

ол& ^ j .о jjg Vll ^i AjILc. AiU^ jj jUj jijjj Lojjc. AjjUj^I! S j^-^J! jALJj 
^J .tj]]j] 4 >j'Vl cJjVli ^jl! CjUjjVI JJ 4 W Ull (Jjlj^. ^aVj J Jijj caJL^JI 
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а jg_a.Vl ^j>^ ^Jual LoAic- J ijjlLaII I JA jljJj co Jjg x а!1 4jjj5Lia]I Ajjjjj£JVI S j^-a^l 

^З j .AjJjjaJl S jg^bU IjLja J j*_Ldl |ЛА jl£ jj j^L-ujj jl ^xjja]! j-° ILl . jxj-al 

t t * * t 

L_iiAj! jl IjjjjjLj jiajxjjojl ЛаЭ ;4 ,Kuia] 1 оЛА ->g h\ (J^xJ! jA .lijA ^j <LaLa 4 a j jl jja. 
Ajj jjjilV! S jg-aV! <Ia^jj 1_лл I jjj^ jj^! jb? djliLi^ JL^jj jl j^j Ajjjljl! jjjjil! 
— jjjjjll ja. jl Ljaj! ja.1 (_^jia j (J-ftC. jJJj • L_j]jj jl jjJ j-o oJIjx_a]I Ajjj^jaI! 


30- • • ' • * 

. Ajjbj^ll й J>g ]l JjC-Ua] (ла. LajHa jjfU jl j^-oJ lijLu jj^Aa]! Clu]jJj]l ^jUj 

• lSj^' jjjj^- jjjj^l! -LJ j j j>Jjl l Ij]£ jjc jl^ j 


.aJjIa ajjj ja_ll 6 j^-aVl ^ jj^jaij]! Jjc.Ua jc dijj^.! ^! di jj»J! Lo! 

ji- uJ jl j^AJ ^jUaI! AjjjUl! CljLua j]l jl ^aC. JJ Aj! ^Jj jJjuJ Ajjlaj]! 0j\jj]l j^i 

лл!1з JjjU! !ла jA l^LI! jja-uij]! ^Зах.А jU tUjjc jUU! jsdij Lodc !ла. Ijjj^ 

j! t^-ual j]| j-oj .^]jg uij ftjljaJ! JUj CIjLujIaj]! CluU lij jjJ jj 'jSS^\ ^Auia. 
AAaJj]! ^jji]! ju Uu3 o!>Lxil j£J . d_is j]l ^jj^j ^^э <jiUa_il A_dLj]l ^^э jl.ia.jj jj] jjUa]! 

.Яа -ualj JJC- Jl jj V jjauiMl jc <AaU]l dlLj jUjI! jc 


Intregration strategies ДЛлИЛ! JiLaJit jiul 4.10 

<£!jjj ^ rsj U jl Vj cUjjij AjjjjaJ! ь jg_aVI Jjx-uj j ^x-L-a jV! UUaU 

fi^jijAl! o j^aL/l ^-j-ua (JJjJ Ajjj jaJl CjUj jjjiiyi 4-al jJ 3^1 UjU.W*i 4 L_Jx.ua! j! jA 
Ajjj£ja]I LjUj JJJ^IV! . o Л*Ч x a LjIjIj I^jIaI^a ^i jj t(4jJjx_ua ^aC. JJ^ l^jlU 

t * * * 

Jj£! Ujxu-a UJLxa jj£j] l!j3 j]| ^jjiSj S jj£j]| ^ ic Ajj! jiL/l £ jg-aLH jLal cAjjlxJ! 

^xa ;<jLu1a ^j^Ua jA 4-iJjjaJ! djUjjjj£i^U jjIaJAilj .d]!>LuiU Lxa juajJj Lg_iA 
jjCj^ AijJjA LUjIaJ Lxa аЛ jUa]! С1з! jUIa (jua j l_J ja , j Ц Io^LLa 

^]j Aja! jll .Ijg >11 J jl^sLH jlaxj A-uiSUaj juaUl 1лД Vi L_fljui 1л] . (^ qKlll AlaAU 

. L Vlg '1 1лА jjUaJ 


S jj-iaJI AjijjaJ! ljUUIJI j lj jjxII JIa^j AajJ 1 . 4.10 
Defect tolerance and new molecular architectures 

S> * 

L_flj]l£j jjjj cAjjlxJl AjjjIiaII Ajjjjj^W! ь jg_aVl ^jaa j-aWi LoAjc. 

UaXJ jl 3*SJ (ljUj£a]I jA 0JJj£ <JjJA <J-uj (_]э^/! LT^") U-3^ (J^ jV 1 JJJ^ 1 g X J Н>1 

Ijjx-u^a djlUI ^Э L_JjJxJl ЛЛс. jjfU j' i . 1 >J cjja.1 lj! aKi .^Ja-ua jaj ^gJC UjjSj 
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ajLii-A]! AibjJa]! jA £_ia^1i]| jl£ Ibjj .L<uLuj ^LaC. Sj!.l]! (Ja*j 1л^ 

.^.jVI dj|j]l !$. j^. (jjfL L_ S J-uJ C_J jJxJI I JJj£ l^^c. jU 4 4_JJJ j^. 0 j^_^.l 

tlVnC. j] l-U j j^x-Q ^Lui ^Ac. LoLaJ AiJaj-sa -о lIiIjj j^J! jj£j V 4 ^j!i]! ^xjaViI! ^ia 
j-ajL-ixk djli jlaliA ^JI (_£.ijj La liAj cAlij]l L-jUaaVI (JaLijj V 1 g 'ia jj!i£j 
<AJ jli tL_JjJx]l ti]]j -^J^J j-Q ji -й j)A Lo <jl ^Jj I jJaij .Ul£ JjjLilA /-V Ajj] j 3 
^ (_!лл]Ь SjUI jaLu L'ij^i i_j (J bVT'i ( Architectures) СйЬЬй Jj 

jU x.n_aa]l i- bll£j (jlaia. j jl 1 J 1 jSuij c A_ 1 juiLa]L j . L_J jjxjl bilj ju joil JJc. J ja j 

jj£j jl 4i! ^-Ja! j]l (j-oj . Jal jj^j ‘-Uj juj Ajj jaV! lIjLj^aII Sij^. Д_и ! ja 


(Computer l_jj ал\. « vl! jLic. jj-o ^ Si j^. j-ol! l_j jjxII ^-oLaii]! (jiaxj cilLiA 
Fault "UaaJl Jab" glU^aJl SjaaVI Я]ЬЛ J (JaxIou) Ajlia-ajjj hardware) 

.jIjxJI J llaLijAl j^jj cjjuiS ,_jli Lu3 Lal .(tolerance 

I I I I I I/ 

i i i i тт~ 

ГТТ i I /jr- 
i i i i i W^- 

i i i iTT~ 

i i i ; i i\ 

I I I i I I 



jjijJI) AJl jalLI jLLalSI jLL aU, „\ jj лу.< л Ajiija, SjSU jJuL ji ЬЬ4 « 16.10 jLull 

. |AJjju>STI flxajJI «Lttna. Alil ju Jxj 18 


^-oLuila (Architecture) jLL jjj£i jjjljia ^al (Redundancy) jljlUI jii*j 
ejUI jU tAjjlajll juttj (JijJ oj^ual (jl 40 jj^ aJI (juli jui JJjl jjuuaJS . l_1jjx]I £-a 
La Jl Sjg-^VI (J-axlujj LgiLf ili]Li a jg_^.VI (jiaxj (jl-^ j] (_5^. (JaxJ! ja u/i 

^jj j^j l_j jjujL^. jA (Дид!! I ла (jA j! j£j jj j£j 4 ^Jc. (3 l-o»ll JU-U! j . j-axj di]! j 
<LLuuj jA (jLmll IIaj .(Crossbar architecture) <JL-alA]! jl u>»ql ! jLnj ^^lc. ^jL 

jLi!) Ajj! jLa]! JajlxiJ! (j-o <LuJjuj ^ AxLaliiA]! Аи^З^И ^cilbLujVI) Ja jJa^l! (j-o <LuiLuj 

!La ^ C*’ La«**u*i! Jul .ojU! jx-aLic. ^xi!jA lJ^Luj^I ^Jalij Jalii (JLaJj 4^16.10 (J^juJI 
Culjh iHewlett-Packard Я£ jjLJ! 4ixi.ua (jLllj tTeramac ^LaIjjj ^^-ajula]! 4l_jjjujL*J! 
4jiixl! (JUaC. 4 ^! (j-o jj!i£ LS^* IJ^ (Jji^.1 ^3j .Ajjlc. 4_1а1£!1а 4_iijjjfl]! 


(jLnj ljL j^a\! (jjj^i ja jjj£]! ^uJajj .^(jjlxl! l_j j-ujL^J! (jLnjj <jjILa) 4jjjI£1! 
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CjU j^a\I (Jj^. 1 ajL dll jLuia ^LjI (З -0 Cla\ гча jjII j^A La liAj t Дл 1 \_|-а! 1 л ]1 (_jl иЛч^И 

. L_J (_j-e A_l]lc. <J-uli £_A (J-ax]l 1 __JjjujL^JI ^-UaJ-ui L*i]jjj i<a]Li]l 

= ; * 

jja (j-o Lluialj ла! .Ajjj j^. £j£lj ^ u^l Lj^jI AnlL_diA (jLjJaa (jLnj (J-wtjjujl j 

da 4 ^ I jlj-qJI oJa ^ u-o (j^-ajj .Catenanes dLilmKII (j-o Дх. ju-ox>\l 4_njj^il cjVI-ifUI 

f > 

JL^JI jiajl^ L^iji L^i ЬЛ -qLx-Q ciSbLujl £uJa jj сЯ_1 jl JJ -й lj£}Lujl (^ic ClAjJ j^il L_JJjuJ JJJ 

|dllj ja. аЛс. (j-o L-ftlljj (jillj ^jjj^JI (JljfAll Л \jA ^ jljll lL-^^jj . 18 ( 1 6. 1 0 

(jl CllVldAll <ajimal j^AJ лУп*ч .fidc. (jLxJalajJ (jjJll (jj£lm]l ^g-lc. jLiaJl A-uSja (jjfLaJJ 

# % 

1лс.1 j (jLmSI 1лд jJjjj «<^S^LujVI dLtJalaj ^a diLij]l jjdi tSj^lill (J -лс. (Ja*j 

. 4 Л ju^ll Д_п jjujL^JI cliLajfLjl] 


Conclusions 


CjI^UHuuI 5.10 


AjSUJI CjL^jVIj aj-ujLujVI ^пА\_ал]] ojdlLa ajSU^I o jlaj (Jj-aaSI 1лд \_1лЛа 
Jj Laj3 A_^.jjLUI £^.1 j-oSI ^JI oJjx]\j (J jLall ^u-ajj jaj j .Ajjj j^il ClAjj j jj£1V I 
^xjjjuj (JaaJI 1ЛА (jl .!J_jj-^aaj jj£I CIjLqjIxa ^Jc. (J j>/i^ JS ^-lixuaV I CjI j jjujj-Ail ^ij j 
^ jjil \ g g -ч! jj (jiSI (J^LiuJI (j-o л^ляЛ (^gic l_JxJI j^AAll jA jjfL Uij t^-ujjjll 
LlJjj j ji^SVI йЛД (J jdi (jL^-J (jc. ji^jSI (X L>ajj 4(j^S . \ ^MaL^aj Ajjj j^JI 6 j^-fjM (* u-o 
(jLtJJ Laa ljj!i£ 4 ^alxjj L_ajj_uj 41 ja]*J Ljjl J^jj (jl a\I (jA 4^ ^al (JjLd £$1 j ^l 

^a LajI л (^д AijjuJLa . (JjjLLaSI Aj jjLlSI CjLa jijjASI ^a AjujL-uV I ^jL j^£il (JijSI j-al jij 

.Ajjlii bjji (J£ ^jAi-o 

Further reading AjUI AjdUx» 6.10 

Jc. 32 J 11 t> 4 - >*я Jl^Vl .1 j5U jbu • 

.(^jjj^ilj JajujjjASI cjLujLaASI (^aLuj ^ AW L\l jLajjV VLaj£I jj£I AulaLiA 
. (JajJI (JaLxa L-jLui^ Ajj^ jC. (Jj-ualij jLx^jaSI jl ЛА jAjJaJJ j 

^^.IjaSIj 13 ^-^.jaII jLijl tAjjjj^il cjLnjjjililS diLt^l ja ^ic. • 

.36 -33 

jLijl cAjjj j^il CjLjLu£\j jjllj dLjLjjjLlll Cj^I^J-U A_*_^.l ja Jc ^^yUa^lU • 
(JjUaSI cjLn j jifUI ^_a AiLajjlaji j LjUI ^a (Jijii Д_*_^.1 ja Adj j .18 jaJI 

.25 (jjf. jaII ^_a (jjjLjll 
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Questions 


(JjLula 

I^^JLSI (J£joJ1j jij-aS! Sjlj^. U^.jJ .lic. 3.10 aJjLlaS! <jL£ (j^AJ AjI ji J .1 

2 

/=— |г(£)Ж (4.10) 

Ef,R 

. j)AjVlj JjajV! (jJ.ijjJ^]jLS (^ajj3 <iUa LaA £/д J EfL **" 
di-lk! t^.lj]| (JjLjJj Я^11а]| jc. jliLuiA T(E) (JiiS! (J- 0 !-*- 0 jL 1^1 4-J (j^ .2 

(jqq'JI jjj*JI ДЛиэ. (^э . 3 .4 jL-oja]I ^ ^-a-ujj (jiS! 2e 2 lh 4 Ajqll <L-a j]l A_iL-ajA 
•Er (j*i j]l ^iiUa Л1с. о.Л_э. ojji (^JIa^V! (J£j]| (JaU_a ^.JJ t^^-ilijS! 

«l^.!j Jj-UIA .l^JJ l" П*Ч 413.10 (J^UI 4 Ша11 Д_а/)1*»*1а 11 oJjxSUj 

(_£ jUuJ jlj^ 'll A_u]j3 AlC. E^- (^ajjS (_£ jJjuia (Jj3 <L-aj]| AiUa (^Э (Jj-saalA 

ii!j ojjUI iL^. ^_ujjc. aJU ^ a_ixjjLi1a T (E) (JiUI aJU j)l jiajj^l t jL-a 

j £ jaja ^_ujjxSI ^jjjSI jlj tlO - eV (_£jUuj (JjUxaSI c slj^jVI (jlj t cIjjIj 

A_nlj3 lic. (jj^jjjilVI jA (J£J = OeV ^a) Er = Ю" 1 eV AiUall Jj^. 

L_bojUj]l (JaLc. (j£j]j . !.l^,!j (JjLuJj Clljlj]l (jlj C ^ j4j.^all (JjLuJJ jU^il 
^Э dlUUajSI (jl jla jj^I j . (J jkxA (JL^-a jAjJa jj jlLUI ^^Jc. JaL^JS 1 0 4 U jLuia 
. 4_L-a jSI (^jla (j-U. AjjS jiSI ^^Э 1 UajjA (UUa jl j ;ojjj£ (jjJjjj^SVI 
j-ajL-a^ ^ Wia ^jujjIj L_Lui^.l j t[-l eV, 1 eV] (Jl >aII (jAula г (E) jl 
Aic-j jiu-aSI Sjlj^J! 4_^.jl Aic. 3.10 aJjLxaSI (JLxjjujU I-V AjjSjiS! - jUUI 
•2e / h— 1 (j! jja jji! . 1 V (jL jL-all jA ilijj jUaJl Uiilji 
aJLuiaS! ^^э jjljS! l-V (^ KiaII ja L^-Lv'uJ ixj AjLialij]! UajUaSI jV! ^-uij! »4 
|_аЛ1с. (JiiSI (JaIxa o jji (jA jjajC.1 6 jjb AjLjalij]! UajUaSI ^Э .I^jJ liLU .3 
AjLlalij UajUa dlli а!1э1а] 1j^.j V 4-i! ?4_i^.ji AJU (^ajj3 aJU jj£i 

. <JLui 

aj! j^JI <L^.jl ^xijjj LoAjc. (Ju-a^j liUa ./-V (^WiaII ^jujjIj 'ij! j^J! 4_^.j 1 ^ijl *5 
ju-a^j IJUJj ?tUSJ (jA (^Jc-l (jJ! ^xijjj LaaIc-j ?AijxJI ojlj^ U^jj (jjLuU 

^Э 4_JjJaliJ]l Д_л jUaSI (jjj (jjiSI За*чУ j 1 4_iLjaLij]l J_ajUa]I (jVI ^sjuijI ?<^]J 

.4 aJLuiaSI 4 ~4jVi (j-3j ULJI o J a 
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jjujc ^UJI (Jx-oqll 


SjjiUI CjU jjjUVI CjLU j jj£JI 


Single Electronics 

( > jj (jjjljfr Ьл 

".'J' "*‘ ч " jjJcj AJjjjCVI A - ■■ li^ II jjos»2 

«jljJI jjJc j sLuLlajCI AjjjAI^JI jjojj2j 

UjjjiJlS jj2jj| kLujjiillS Ajualii 


Single Electron Tunneling 


biij jJUI jj jc. 1.11 


Introduction 


Д-.Д. 1.1.11 


Дх. 1 _ 1 х-£Э (J^Aa]! ^iU cSjU-VI Ull jlJ ^^Э Acl u-all Clll j'lVl ^ftUl £A 
^gJajaijll Clll_ujlLa]l cUji^ л£ 1 аа ^j£j IUj • (J-^Lii]| S-ijlaA jl*jl Cllll 4 j'qq'i ClLyL-aj 

(."llnc. J U.li.la_l! jAl jJall (_JA £uuj! J (JU-o luml j- 1 j ^laujj ^^j]! t(Mesoscopic) 

^JUll j-a!j^.j ^Ajajj]! Slj'sll ^Э oJjg я aII (Д|С.Иа] 1 ^jlj jj^ll ^IU-II j-alj^. jj J ^jVi 

!1л ^la-uij]! UiI_ujIVa]I ^Iuj ,Via)j . ^Л -iaja^II (ДасИа]! (_£ j j^jaII 

. Cli! jIa j j£a]| Cliljjujc ^IU 


l! jliA jjl_j]l JA 


^_^.ja]I (Jkl^j]! JucliA j! la-ujjV! JI>aII ciil jjg Vi ^э Лл^Иа]! ^jLii]! jA j 


j, j_3" ^ ^ ^ 

^gll ( flLuiaJ . Ul* 1 ]U<a LuJa jaJ j 4_1a ja^II 4jUa ja]I ^Э Cllljjlil 


ujJSDU 


* * Jia Grace Lu, Department of Electrical, and Computer Science, Department of 
Chemical, and Material Science, University of California, CA. 
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Aharonov-Bohm ^ jj _ ^ijj jjbkl Jjxia JJ ( j-jjJ <jl t -ш! ла <jl lillj 

CjUjjj^I'VI Jii cJ-jjJ <JjliJI j .Ring geometries 4 AilaJ Ajc-ljail CiLui-ii^]! 
51 .(jJ iUJI J^ill jJiil) : x^S'uu^ ^Э Cllli CllLL-aj -й AiiuCaj bjJj_*a3 Cll!ji3 JJC- 

CljLuaj -л]! L-fll j.^i ' iV Ь^Ах11а]| ^_il]! ^^Э djLjjli£)Vl Яз1-1а L <ij J-a ia j)a4 jJjuj (_£ ja. 

J ^ ojji_x-a]l Aj зЛ» djl xnui^ll j 


4 ,» 1 g jj£li ^ji]l djLaj)n i<q\I Д -ujIjc ^э ^LqjaVI j^ji t aj-u^ La LqI 

djl jjg y\W ^Э oClc. 4 _ila. <*JailiA)! Ал_п)а ]1 dCA dujjl . 4 _a£-q A_ijjjj£)Vl 4 W L‘i\\ Ял_)о 511 а]! 
jj£j LqCjc. j^l .AKuill 1 j-olubQ liijj I_£_i 3 jLni! jiiju ^lill oCj^_*_a 1 I -Lijji^lVl 
SjljJI £_* iaLlijVI 4_iixjCa (jja.^ AJjjx-o a jjitu-a jJaLlA ^^Э fijjuaa-a dllj j ji£)V 1 

* * t t * £ 

^ IjJJ^ IjJjL JJjJ (jl Liijj&lV! 4 ,W>ri4 (^Jjljduxil ^aCC. (jl^ ^Jailil j^-GJ i4_ia.jlaJl 
jl A-iajlaJI a jl _l]l j ejjjaJ! j)JJ <*-ui]] j£-aJj .<-ojJalAl] ^Lj^lll Jiil! j-ajl >л~\ 

^Jj Cjilo jj jli^Jj AiluJaLf J-ojjUl tc. Q'iSxJl jp-ui AiUa j» ~ 4 J Ja ^Jj ojj хл_а jj^li 

jjilU! jjji£JVl jp-d (JjC.LLn ojAlia]! оЛД ^udi .<1 aj^_a] 1 Я^\-1а]1 tSjjjaJI 

.(Single electron charging effects) 


<L-a j]l CllLijJaj-Q ^Э £_Jj jLaj CjilUl jjji£JVl (j^-ui jjC-LLo ClluijJ 
jjjiilV! dil jjojui jil jij Liajl sLuuiaII j cDouble Tunnel Junction Яа. jc jUl A-iiiill 


icLc. jjILj jj! jill ILfc <jjxll ^ u-aj .Single Electron Transistors SET cjilLl 
(Shadow evaporation techniques) ^gHall j jS . nl ! ciLjilijj 4_iijji£]yi jaJL ac-LIUL 
L <aja xJa JaLdjl Cllli Д_ 11 Сл_л ajjja. j-o Л natll оЛА jj£liij .(l)j*^I (Jj-aLl jiail^ 
cJ-ajLLJI Я -JLc. A_iiaj CljL-ajj 4_*_uJI jji_u^a L V'jSxt jJC- jL^-iVl 4_n]ji] jjCjjj^ll 

<L]a j-o A_iLj jal ja. jj^jjiilV! J ajjj^Jl oCA j)JJ jj-aalij .<j! jj Ljxjuj 4_lail jlloj 

j-aitlluLij .JaL A_nijjiSll A-iiiill jjC-lLJL V] LbjjJC. CllLjjii]!lS j£-aj V LLi^j .juiSl 

j£jj L_fl jjuj ijj-aLI IJa ^ .ojjjaJI ^ CllL jjiSJyi CCc. JaujjlL ^ ^SVill <j! jj]| 
Д_пСд_а]| ajjjaJI (ji CjilLI jjji£iy! jjllujjjljj ^Э jlilll jii sihLill J ^LiiAL/l 

. j j!Lui jjl j!i]| 1лл CjLaJaj Jc j j^.j.11 Я1Ла]1 jl AjjL*JI 
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Theoretical background 
Electron tunneling 


Ajjlaj 2 . 1.11 

CjUjjjSWI jjjC 1.2.1.11 


U Single charge tunneling SJjilUI Я КЛИ ^jiiill jjfUI AcLi*^> 

13 “Orthodox” theory "^J^U^UI" <jj!ii]l jl jjii лаа .^jjJaLUI jjill Ciljnil л\ Jajoilji 

.Ajjjj^Iill rjliijil ^iax ^ > c ■ j l Jj. 4 a. O j Uaii a J jilUI J la. jj]| JjJ*-J 4 ■ -U -ч I' ^ 

o^jiiUI Ai^jai! j jJC- JjjlUI jjjSSiyi JjJujiljJ j>J*-] (jljt]l 1лха]| jjxjj 

jialjji £-0 _' ■ .ajj fijixj^ ^jja. j ji]l I jj> ^ji]! Я-* 1 jjjj-UI -i^JJ jl 1 т J j .Uaii 

I ji-jjB jjl VVi /\j Aj]Loa.l Ajaai -LajlLi . JoL Ajaai jj.1 CJ. Aiaulji (_^j^l Д i i. ';ж a 
I jjji (_^ic- ^jL Jajjjj ILaj .IjjjL 25.8 kO (jjLjj jii' Rq= li /c A-ljjjiSII Aj>jULi]I 


i_iliijl jli iSjjjaJI Laii LjiLiaJ Д w L jj*j :^^л£]| (Uncertainty) jV I 

I jji£ jxj^I jjSj jl ' j; aaill jjjx]I jc. LjjJ-il! ali^i! oj-jJ j jiLU! Pl / R\Cy Lalia]l 
•E c = e 2 /2Cy — j Цэла jjill (Coulomb charging energy) Ajjj>j]j£]I jaJi]l Lalia j* 
jjai! jjSi jl U j o J jjj-aJI AjaJil jjjc jjclLi Aia^jLJ jljLVl jbliajUI Lol 
Uj^l U’J (^ц^ Ec UJ^ 'Uj ^UJ* UJ^ u* (_£') l_aI£ 6 uj* 

йциц^Л ^JJ 4 K Л AiljJaV A-qu^UI AiUall UJ^ ^UJ* (Т^) ou'u^Jl 

^U-ojJaj . E c » кв T cAju'u^JI ц-о Ju^liLUl Яз1_1а]| цл 'ujj£ ц^1 


.бцицаЛ Ц4С- Clil W ;;ill (Jllijl 4_i±aj]j^]1 ц*ч x'jll AiUa uUaujud]! 


UjuxJl i__sjjuj с^ц^1а11 ujjj^VI U-J^U^lj^ UJU^V^ JUljl ^il 

U^ Ull uJIaII цЭ j iUu^ ^Uajoil jj jUjj-aiA ujj 'чЛж.а UJjjjj£jj U^ C5^U' 

jl (jj^ jjj£]V 1 ^g-AjjS (^liaUa j)JJ Uu-^aSJ . UjaibUl U-^^Ul u«o*s\,Ul j 1.11 

aw / jll UUljV u^x^nll ца u^l VI a'WI u]Ua (jl ajjuAuujVI ©u^UIj . cW ujU^ 
^iaj]l UJ^U' £-1 aj (_3^U (Ju^ c ’ U^-^ uUjx^a^A jjjj^x-Q (jjj ^_a ja^II ^qqjll j j^UU 
U-alj^. ^lc. AaJxJj jjjjAx-Ul ц JJ <L-ali]l AiLuiUl £-g UjujI UUUU^/l lUb ц -aaUjJj .fijlc- 

AjiaVl UjVUljVl ^Uajujl jj jU-Ul u^c. Uiij U^Ajj u' ‘И iLjjjU^U u^-^jj .AJjbUl ojLUl 
Jjjjiivi Jb г >UU1 UjVUUI JJ 1 ^JU^V 1 cH ^UiLbUl ^VUUl ЦА 4ЧШ1 шил 
u^LUl ^^lj) ^ 2 jjj&WI C5^] 1 ^ju&VI U -0 (j/^Ul uu^Ul U^*- 0 -jj-i^j u^^j *2 


. r? — U tojjjSlVI 4 i"> jlaL e j^jil t-ii 44 


(0 
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(1.11) 


Г ‘^ 2 e-R T {\- е~ м ) 

. Л <L-a^l] А_1л_п1а]| ЯЛ_^]1 Д_л jLs-q Rj с" n- 




1 I 


2 JjjSSlVl 


ilc. J_j JSJl — Jjlft— JjjjiJ! jm S_LlJ-a «iLaj jjfr w »»'" JlSjfiU ^jAJjdjj j»*jj 1.11 jLuill 

т = о 

Axj jJjj IjJajl T^—.! ^ jji£x \ i al^jVI J! qj iV I jjxji ^Jaxjj 

: jlaJVI AjjIjS 0^)Lajl 


e 1 R T (e f ‘'' -1) 


(2.11) 


^g. joi^jt II ^)Lii]| ^ ^>laj ^)L<2I _)Li]]l l-jLoi^. ^j£-gj лУп^ 

:^\М\ Jttill jliJI 


/ ( V ) - e ( Г !_>2 - r 2 ^ i ) 


(3.11) 


•^lc. ‘i ^<Ui\l ^jjjxll ^jC. j>iaJj*li]l .l*Jj 
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I(V)=V/R T 


(4.11) 


. ^aj! jjj\ii ^J! \пАС> jj^j с4\л jj 



Ailklj jjx j AJV jj — Jjlc- - J-^jn jl jjjaiiyi jjj^ Jj*-a 2.11 j£-u4! 

.k B T 1 4 4ГЛ.а aIc- 4-a ijlalUI djaJI 

. 4 _i*jac. jj£! A F ЯзЛа jj*j Я]' V Aj j\l jji*JI CnV-^x* AjIj£ ол 1 с .1 j£a j 

j-a JlijiVI (ji^. Free energy S jaJI 4_л jIVia'I ЯзИа jpU 4_jb AF AiUall jJ*j c—ijxj 
j-o jjjj^VI Jijjj ^b^ljjuialj ^l 4_lLaJl ^ j .Д_п1^п11 4 JUJI ^JJ 4_iJ jjjVI aJI^JI 
^jiij t jJaAll jl_ia_iV! 4_nl ja 4_jajjj (jJl! aLajVI ^ 2 ^jjj^lV! J! 1 jjjj^lV! 
(jU! jjjjilV! jl jjajjill .eV (J jboii (Ji-ioJ! ja jl^Lo (JJjJ j\ J*4 'iVI 4_nlj3 J^uaa 

juijj jja_II J^ojla 'iUI ЯзИэ jjaia_n3 c^^ajjS (JjjjoiA ^Jj 4x.jjun ^_ajiun (jijll JJXJ 

iAF = — £?У jjfL !Л » I.\1 jq\I c" jr\ j-o 4 _uj j^c. J^C. ^ftjll jjjxII Anlxjjj jV 6 jIaILaII 

гЛҒ 4 JV ^qVJI JlijjV! Jaxa jc. jjjxil! ly^Aj ullijj 
1 АҒ 

Г(АҒ) = — г ш (5.11) 

e 2 R T e ^ F - 1 V ' 

CnLajj Ajc. AF aJV^j ^qq'JI jjjxI! J^xaI 4_nl_nl! CnljW ia\I 2.1 1 (J^*j\l (jjj 

jjjjilV! jjJxl 4_1аЗ\ -ча\ 1 4njiajl! ^jjLuj! оЛД (^Лха!! aJaIxa (Jjaj j .4_alja_A oj! ja. 

. ^ ^ \ JQ'l л jijAl! 


Coulomb blockade ^jJj* 2.2.1.11 

Яз\_1а ^Ju-aj t(__il£ jUL Cl2)L-ajll UjLxjuj j-a^Lin LqAiC-j tLLLuj oLiulalj LaI Ui j 
4_iaA! Сп!а AxJailiAl! AW Jl\l ^_n-aj лУп*ч j cjjJJ^ AjiiA jjjj£JV Fq 4_nAjlj£ll ja-uiJ! 

*Lj*£ll 4iiLlal! (JjLun .jjjxu^a 4 _*_uj oAj^j A_iiaj 4_L-aj Vj! ^ l_Ajjuj .jjjj£ 
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t Q J Q ^ ^ jLjLul l^-pj jifUj (_g-]la_ujj C LSj)^-^ 4lix_uj 6 (Jjjx-a <■ Q***^<a\ <i^Loi]' 

L_JLJ jjjiLW' c> ^ UJJ^j J&' lilfl -V=Q/C Lii^ сСУ 2 /2 j <<2 2 /2C j'ULU' 

с_ал£л]1 A^Ua ^it/i') UilLj 4± (£2 — £?) t aj£-<21 A W /t) Clia_iA-a' tL_La.j-U' Jjjj£ 1V' ^j 

2 AjjIjjjV' a w/j" Cijl£ 'ij V] <-ajialAi' Яз12а jLpj' ^j ulL jjjoljj S '\Q—e) 2 /2C 

Aic. AiUaiL dajAa-l' jIa-g jjjiLW' JLjj' tjjl' UjLJ^j .V > e/2C (j' t> ^/2 
(J jLolJ V 4jj] j 3 Cja. j ^C. JJ jLnl' a'Axi' j-a -Lxul' ' La ^g-Ajail .у < e/2 C UjLU jil' 

. 10 (Coulomb blockade) c_j^j!j£ <Lxj <Lua jl' jL ^^ic. jL-al' 
A Wn jjJxiL <L-al' ' j ^^j-ajl' UjjLl'j j-ajl' ^Loi j' ^ij ' jLj j 

^jjaU' Д_а jlLa jL ;10 ^ § ja_i (JjLuj LfiJI 6 т = R C (j' iAj<_ui]'j <Lij]' LajILUL 

Ajj]j 3 LajlLdJ V c4_L-a j]' j-a L_Jji]L jjJjjjL]]> 1] ^iLU' JJjj]' j^ajl >/ 1 Ҳ 1 AK'n <]lxi]' 


14 ? 


LaLu <L-aj]' j' j^j ^ouaU' jj» л-о jjLa jlLa j>Aj ^] Lj i'U . 


J^ 


jLwV' 


^jll'j tAj]l*J' Uj'cjjjll jjj jjjLJV' LxiLi-a jj£i a j^j <]lxil' (Impedance) LxjLbU' j\i 

Ax-aj L_lxj-ia]' j-o jjfL 'U »Rq j-° 'jJJ^ jxj-ss' LajlLU' oAAj C 100 £2 ja_i <_£jLuj 
dj' j^_ 1' L^jj Cjjl£ 1 a tftjjjv. j <Laj <L^aj L_La j] j£ <Lc- (JjxLa 

Aj]Ix1j <] j j*-a l^_i3 <L^a j Д_а. jJ j-a 4 li-oj LajLj-a ^Jj ^LlaJ 4 <]Ljola]' оЛА jjlVl'j 

4_UaiLlA <x_ujj Lilc- Ajiaj LajlLa Luil jJ A i>iq*4 *i-ol' AxjLuU' UaJ^-U' jc. 

.(3.11 JLMI Jj) 10 ‘ 14 ^>VI Ai^jll 


Vi 


Ri, Ci 


ч> 


c* 


V, 


V2 


R2,C2 


jjjJLuu jjjjjjj jjjluaj jJJJ Jjlla jjjjS]J jjlujjj'jj] ^AjUajJ (Smujj 3.11 jS-uU' 
.iajjl' Ajjx-uj Aj' jjjj cC Ajluuj /? 4_La j 4 _jjILaj jjIuijj'jj]' '.!& JJ-ajj . jjjjJu^ 


i, м 


uj'j^ <]L. jLsJLusaj V «. VKJ jiW Ai jli 'lij iAlli-c oj'j c“ Utij' eJl^j]' <Laj]' j' 1 лД jAa jjij 

.oj'U' Ajki 
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4*jJ>] 1 4i^j]| ^4jliu4 > AiUai! 3.2.1.11 

Energy relations in double junction systems 

Д-С. j) u^aI! j-U! ^ L^ j]l Д-а jiaJ-o ^^Э Яз1_1а]! ^1акл1 ! !ЛД (J j^_lj i S jj-o 

AS^ 4_iaAV! (> ^^Jc. ^Uallj AiL^LxJl Си!Ь i__jlj^J! jm‘i . ЗоЧЭ Ajjlc jjlxA >a 

(Jjx-Ul L-lLul^. 1 Tl^Aj 4^>aj C*' ),wl ДҒ Sj^Jl AiUall ^Э L—lLul^. A \k f\ L_aj*j LqAIc. 

jj*_A j-Q JjJjuljlljj]! ijjjjill jjfLl LoAlC-J . I** vwll (j]]j Aj ^jj]l 

^Jqq'Jl jjjxJ! Cj V j*-A ^ja^ ^jj^aj Lqa1c.j .5.11 Я]^1_*_а]Ь Jjx-Ul !La a w'n t^jjlc. 

.6 jjc >q'Jl jUU! jjj^j 1 T^aj jIxa 

2 j 1 jnl/i j]l jj*j >1! ciiljjjj£JL/l jjc 3.11 (J^jjJl > n,2 j J^j 
cojj j^Jl > >ajlill CjIj j j]^]Vl jjc* 4ib n = fl\ — f %2 ^wx^il! jj*Jl L_flj*j .Liil 
\j]£ Cjjjc. ^>11 cjljjjj^bU ^La^V! jj*J! Ajb m = n\ + П 2 ^wx^ll jj*Jl ^__aj*j j 
•J_i]Li]l aJl^LxJU Sj^J! J-ajIxIa]! AiUa jc. jj*j лУп^ . Ijqqi jjL^ j]l 


Ғ^(п,т) 


(Qo ~ пе У 
2C X 


/77 + П 


Q; T 
Q 


еУ 

2 


(6.11) 


i4jl о-Л jl 'iV | Aji] йЗ (_jJjjj£]jj ajjj^JI jjj AjKJI AjljoJ! ^A Cy l " 

(Jjj^alij Jc- ^bUa]>U l_J J^Lll £i.lj) 4 jI j 2I I frlaU jll Д,р..а11 ^^A Qo= C g V g J 

. ( CjlilajJiV I 



ijc- Д ilja, «II ii A <■* ■ »11 CliVIU QqI e UVl j Д ajlalal! sjUI Jjljg alA AiUa 4.11 JLuUI 

• У = 0 
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•^Qo-ne 'л!\лк Sjjja. л Llj j^_ul! Яз1_!а jc. Ғ$ у $ ^ J jN! .i^II jj*j 

n j! J! ! jlajj .jLi^jV! djLiil j3 jflLaA <S1 jj jil! (J*_ioJ! ^IaL ^iLl! -i^I! cJLajj 

n jjfL LoAic. Q 0 л m x> л w xL \ biJ! ЯзОа!! ^Ас. lL-°Ni cL_i^_ua Idic. jj£l j! 
jAjJa jl L_La_) П j^-u> AiUa ^fl! jl ^j-iatJ *S()/ e Л L_)jfl! 

:JM' 

^--<n<^ + - (7.11) 

e 2 e 2 

Iifl\5.a\l ^ jlaUI jA Д -LaAjgj (J^U 4.11 (J^juI! ^^fl A_ajIsi1a]! Ailla CIiajoij 

.ojjj^J! ^Ic. AjJajlil! UjLjjifLSV! (j-o п \q\j4x> L^c. jp-j-o (ji ! jjj .y =0 -jic- 

(JjJjoia jUu *<2o <j! jj]! Л L ji JJxj (j! c<SL_a (J-ol£ ^.^Ic. ijljJl 4_iil j3 JJ*-i Lo^jc. J 

<2q = (jl + V 2 ) 6? -lic. й + 1 j Ц I jUfll<L\l jLtlaU! ^Jalijj j . jjJa^ASI Лл jIsiIa]! ЯэИа 

ajj j*J! Л Liiij d)li jjiiiV! Лл.1 (Jfljjj t ^xJaUl Л Laq'i (J£ Jjc. J . E C IA jjLujJ Ailla jic. 

Яз\_1а (j! ^lj I jlaij .П ± 1 (^gl) 72 (j-o \-g-J3 <jJaj\i]l d)lj j jj^SV ! -i-iC. ! jjxa tlg ')x> j! 

(JjLjjj SjjJj L -Ц)! Q 0 \ Ljjj \ju\j jLUS jjfL ; 2o ^ j^L Д_л jIVia'I 

j-QjJa i jji! d)LI£j . Q 0 / e (j-Q c_iL-iajVI d)!i ^aiSI Aic. jLU' i-aji (_g-3 ajji (J—aLij 

(jjjj^l! L_flLiaj i+e/Cg j AjIjjI! <jj! ja jjjj Lodc. (j! cjLjL S.iL j (Jj^*j Sjjfl 

V jLaUVl ajj] jil LuL & jjg V)\l йлд jjc. jLU\ jjfLj *Ц-^а j! jj jl Sjjj^I! ^IJ л^.1 j 

(jjjjilV! jjJujiljJJ c.“ u-q^) li]j . j jJiuj ji! jj]! U] jLm с4\<ап Ulllij ;\j <j! jjI! AjjI jfl j 

. jjiuJ! 


Jjiiol! jjjjSljL (jfliU! jjjjlS! (jj-u AiUa dsUaiai-j 4.2.1.11 
Energy diagrams illustrating single electron tunneling 


Д j ^ J L , ' A j\ J^ Д jn £. J-uJJ Д iQ ^LjajV 4 L > m > д М L> L ** >1 1лк-\ д i ч j Л >Q zv\ ! (j-Q 

jjjjujjiljj ^fl ^jVll JLiijU <fllla]! Lilv4x> 7.1 1 — 5.11 (JHdVI (jjd . \,g j\c. L_liilll 
4_ifl j!fl jjiilV! l_ a]Lj jiS! NNN Lo jLila]!) (jflLI! jUt-L! (ji fljilA]! jjji£]V! 

s * 

JIajj .Ci = C 2 7~n- > J 4 jijJililJI ijjjL-jjIIj (Normal lc. j-ix^ (jo o jjj^Jlj 


.,(e) 


Sau^-I 4 j! jII 4 _u]j 3 (JLxJjuiI jLaJ <>Л W ьл\\ AflUa j^L ©j 3 jjjj ^ILi]! ejJ j^]l Л W »м (jl jj I jLj 

. jjj-oi jil jll JJC. jLII j\jj]l (JjJlxjl л j (joj 4 j^Lil IIa 
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i^l ^Э (^_ajj3 (J jJjola Д_а.! jU jU^'ljH AjjIjS jj_i-aA j>A Igjj-olj jUaJ ^iUall 

jjj*JI (j* gjUll (j^ki'UI AiUa ^Э jjx'ill (Jjajj ,eV jI^aj j^.V! ^l AjjaiUU jjjjjjj^JVI 
I ЛА (jLejj *4-3j3 £ij (jil! j-q!Luia1I )пЧ\1 j SjjjaJ! ^Э (^_ajj3 (JjJjola j)JJ AiUa-UU ^liU! 

.^iiU! JjJ*J! djj-la. .jxJ ^^AJj3 (JjJjoLA JA JAJjolUI )аЧ\1 


(') 


ДҒ>0/' 

/ ’ 

Ec 





f eV 













. (jjj jlaUla ^lL^j (^зь-и £a JjilU! (jjjjiW! jjIuijjIjj (^i AiUal! l— 5.11 J^UU! 




<j| Jj AjjJji ^jc- jU^iVI ^jJaUjA (jjjUaj (^i L_U j! j£ <jic ^g-U L-liiil! Ajij 

Iaaj •AF, i _„+i = 0 U -ijc jqVn ajjc Uji jU^iV I 4-ii] ji j jUU (j^ с . i>j tVg = 0 

: LS^ 


eV>(2n +\) — =2(2n+l)E c 

Су 


( 8 . 11 ) 


jjoijV! l-sjLJ! (jA ^qVill jjjx)! ijjj n^. п = 0 Я)и. I 5 .11 (JUU! jjjj 
^ iiU! jjjx!! !U (jjfL ^ ‘V< e /С^ jjU Uijcj Eq jU'U ) *UI AiUa ojj jU! 
jjxj-£ 3 jUj J-eJ !U .Z" « «Uc. UU! AaLUa (JixAJ (Jj-sa^Jj (дғ > Oj UiUa j\ лчЧЧа 

.^iiU! jj^xJ! IxiU UajUIaI! ^э !.ia. 

jUaJVl 4_ii)ji j^l-oa jli iV > elC^ jjU Uiic. <j! l_j — 5.11 (JUU! jjjj 

jUjI! (Jj^jj l_Laj!j£ <jic (J jjj J t j^k x'jll AiUa j^U. l_j1x ill Я -iiU AiUa ji Jj 

.Яа jUlU! jjc. 

tUK l_la jlj^ <jic ^i'iVi ‘Q^ — e!2 jjU Uijc. <j! — 5.11 (JUU! jjjjj 

. jL-^al! (JjUjj V jU^i! AjjI ji U<u э (jl lic. Яа j)V^a'I jjc. лУп^к jUU! (jiUjj 
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t(ja-ui]| AiUa L-iliLlli AjilS AiUa jUaJVt AjU ,j 3 jjUaj jS ,jj LaJjfr i_ i— 5.11 JSUUI 

. j ijiiui jjjjiiiu jiaa 


fe) 





. { eV 

: _t 

jjjSl! 

®Л>^ 

Jjj^! 


AjSfr ^ilViA jljjLai S jjjaJI jjJ»S (jjaiajj iQq = e /2 A^jijl jjc- £—5.11 JiUUI 

. jUiJVI JjUjjjS Л- 1 ла. jjfr I_usjj ,jS 

jUjJJj (jlUojLLo Lafr] jliiuaj] /-V A_ijJ jj]|— jl_ii]| (j^ajLma. 6. 1 1 JUUI jnjj 

U jnS i_jji j] jS -Uac. Q q = 0 ц 1л'ц1 • Qo — e / 2 j бо = 0 (^La. ^ jUjjLaila 
. jUm]l (_j jUjj jUajl AjjIjS Jjc. jUnajl jLU V AjL-jajji Q () = e /2 (_g la. ‘ч41 (_jJjjj 


i iLna. I IjUoJ 


t2 J 1 jjjL ja j]l jjc л j jjLiLU (_giaj]l jjjx]I j-ai j UuSj 
:^(_jJj LU Из j n + 1 а]1лЛ (Л n AJLaJI (ja JLijjVI jia. азШ! UjIjUij 
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А Е[ 

А Е* 


iri+L. 

_£j 

■ ± .l 

;C ! + C,/2)V)1 

lb 4 

e л 


e J 

/Га+Г„ 

_a v 

+ _ 

(C, + C,/2)V)1 

ЬЧ" 

e J. 


e 


(9.11) 

(10.11) 


iji А Е Яа1У1 (jl (_£jjjjJall l>° ‘Т — 0 ^ic. (Jlijjl (Jx^i^, i 

^Jj JjJ*_]L ^IAjoIJ (jl c. ^ 1~NJ t^3L-a]l J jjjuJ ji! jj]l jLii (J'"»'\) L<u3j .La]LuJ 4-1а-л]| 

.|4W /j]l £jjii Sjlxk^ AAjliil! jjc. ^aJ (j^Ui]! 6 jL»~4 j jjjjL-aj]! (J.l^j j+^ ojjj+]l 

ЯзЦа]| jjj c." n^k \ cLojIj LaLoj eV 4_алШ 4 W xjj jjja Ljc. ЛЯ ^HajS ^jas-o (JjLujJj 

j)A (j£ Ljc. <sLla]l jjajiki l. i~4j 4_i! jA l_1a j] j£ Ajiic. jA j^. jjl .£?| V | i IajI J jia i^»jj 

jV! 6 jia^Jl c.“ н^>1 \ aK t<ajiL^J! ^9j .LgJujai j ojj j\]| j^Ui\ jjjLiiA]! jjjilijjV! 


.( J )ui Я1 Ачв JyjLii! 'A jLi*n.\ 1 ^_u-aj l 4 'з\ L>\1 Cln 


L>* 


<L 



j)A ^jiLj jjjjjSi! jjluijjljj] 7^—0 -lic /-V A-ui ji]| — jLull ljLu^Lq 6.11 JS* 1 B 


.00 = e /2 j 0o = 0 u^L^l cj* (jj^LuoA лЬ -aj (^jll* j -а NNN £jI]! 


^jj JjojVI Jjjj£iVi (j>A JjjSJJ (Jfljjj aJ tVjl (j-ftjVI JjJJ^IVI ^J OJjjaJI (j-c Uiaj jjjSIVI LoAjC. ^ ^ 

. jjoijVI Jjj&iVI (^j ^aJ SjjjaJI ^J (JajVI Jjjj^IVI Ja Uaij Ljij JJJ* (J^LaJ LH j jji iSjjjaJI 
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4) 

> 

и 

U 



2Qo/e 


7 .11 JiiB 


1 4_L-a j]l ^)JC. (J* 4 x*ill S jLa's Ajli]j3 ^jjjc. AjAW J A£j (JLaxJjoiIj \ Ti^aj 

^(Jij| ^^j]l ^ П» \L L_Lo jl j£ <j^C- jl^Lo AA^Jj .2 4-L-aj]l JJC. £Jjij]l й jL>4 j 


VC* 


C 2 + C/ 2 


1 ^ 
- + 

2 


п-а 

V e; 


V 2 ,th = ' 


C, +C/2 




2« 


л 


e ; 


(и.и) 

(12.11) 


AjI jJI j V jUaJVI ^Jjlji] 4 'mj l_jj£I jjj l_ja j]j£ <j^c. ^lc. l_i1xj]I j^aj ILJ 

Д ^Tkl jLa]l JqWl LoAic-j ^{C\ = C*2 LoAjc. (jl^ jjj j]a\ VUll jUL-aj]! Я]1л. ^^J • Vg 

I^iiill jjjx]| ^-Iaj cAj]\j]| 

C^\V\le < (2n + 1) - 2C g \Vg\l e i 13 * 11 ) 

dJ j^.ja]I 4 чЗУтаИ Ja jJa Jx-aW i-_Jaj]j£ 4jic jl c/| = 0 jj^J IaAjc. j 
(J£ja (JjjL tjjjjIaljJA jJC. jUL-a j]l Clljl£ IaIj .7.11 (J^Lill (JjjLUVI (J^Ia 

.<L-a J (J£ Ял -uJ ^Liliul j£aJ t JjLaII JA J .^LJVI 


t V ^ 4 n» \l Jj3 £JJ (jill 4 j^.ja 1I jL^jVI MjjIjS ^ll^ <_H 'MLjj JauaJI ajlvsl A ^ ^ 

• V 2 th (jjS 4 j^. j-e jLajl Ajj]j3 aIL. AjILj A E ^ ^ h^j 
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AlVlWafl Д -jjIaIilj Ua4j jjjjiiVI jjjC- jUj ujUu^ 5.2.1.11 
Single electron tunneling current calculation-orthodox theory 

is^ j-»aj (jill jlnll jU-ia!lklj IVUll 11д c. 

jl Vjl (jajjii . Я -plc. jjU -л j-° Sjjj^j jjj j j&ll (jb jjixo jjjj£JI jjjjoijjljj 

(jl is^ JjJxll ^^-AjuJ . .l^lj jl jjjL-ajll J^C. Uiij (JlijjVI ^XjlaJjuj V Cljljjjj£jVI 

JJUJ .^Ш1 ^JaUJI 4uoilil cU JJUJ (jiJI (Co-tunneling) tiljJjouJI Jiill! jjJ*Jb Лл.1 J 

jU*jjujlj n' 4 W xi'ill 72 4 Kuill j-o (JlijlVU jVUII AF 's II 

j jJxll CjV Лл_л Ja~4 L-jLlu^. j£uJ Яз j jx-u ЛҒ 's II ^jJu-aj 1 ^v^j .6.11 aJ^U_aII 

• 5.11 AJ jlx-UI (JUxjjujU ^jiiUI 

diU jjjiljU ^L-sa^VI ^ jjill AjIj g ( n ) 6 jsjjuiaII <JUJI (JLaUI c_ijxj 
1 n^U } 4 jljijjujL/l ЯЛа. ^ SjjjaJI 4 W Ull ^ljj i J^-J (jjal jjbIjj .fijjj^JI 

jjjxll (^l^ll JUlUjU UjLuia <IU. ^iiill jjjxII (^j-l^l! JU'UL/I Jx^j ^ Cj(/l) iJiajj 

• a (п) Aj.wjl Ajjoijj jl! <UlxU! j . lg_^. jU. Jj ^iiUI 

£сг(/г)Г(/г -+ n') =^сг(/г')Г(/г' + /г) (14.1 1) 

п n' 

j- JliubU Г 2 (n — >n r ) j Г 1 (n — *n ') jJ-ixJI j* !4£ Г(и— >н') j - > >»Ti 

SjjjJI Г|\ iauai (J£ ^lc. £—aJ1 (_£_p_]j ibaij jilL-ajll jje. n’ я\и J 3UUJI 

jLLi. j-o 1л_л Jaia 'i -ч~'. /.11 aIU n 11 _1 ■ jil*-J1 ДЛа. ^ .Ai£_oJ1 

:Detailed balance J laiJ ' jjljlill ^jjoll i_3^!j .^jiiJI jjj*JI 
<J(n) Г(/г — > /г +1) = <j(n + 1)Г(/г + 1 — > /г) (15.1 1) 

LaAic-j .E n <3(п) = 1 sjjIxJI Jaj>i jiajj jl Jc. о(п) (ja. je I У'5л) La ILa j 

'V. Uiij jl jjxj jjj jjilSlJ JJ jbjll AjII jjxjj 4 LUli LL-a JA ojjjaJI jl J jjj^IVI j jfj 

(J- 1 S Ja. i_Ja_i 4 jjjllail jjilA J j . n + 2 w L>° 4 <uLaiklQ jU^-j! CliLnlja 

.14.11 Д-э^хцхаИ Я1^1хл 

0 jiLubUl AJU-II jljj C-jLui^. \ П^*П ic(n) OJjj^Jl Ai\ta ^ jjJ £j\j -l}.l3hJ 

Sjjj^. 4W jui (_^V 6^^! j <Uaj ^jc. CjL/Ujj^U jl uji^II ^э .i^.VIj j jjjuj jj! jll! ^£. 

_а_ 1 л^а £11 ЪШ Aiju^A (diagonal) UjJaall ju-aLixl] AijLaA lAjLiic.1 jjmj ^ 
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^-aLaVI 'А jj^xJ jl 1т*ч]1 ^Э .ikVLj cAjjLeJl ^Лл_а]| ДЛ_^. ^3j . 4 'i^aa 
I^J llill (J£joJIj ^jl_£lX\ ЯЛ -ixa-A <jlli£ j^AJ t4_L-a j (j£ 

/(У) = -e — > я + 1) — rj(n — > n — 1)] (16.1 1) 

n 

= -e ^<т(п)[Г 2 (п — > n — 1) — Г 2 (я — > n + 1)] (17.1 1) 

n 

cojSjjola]! ЯЛлЛ ^Э Sjjj^i! ^lc. 4 W LJl ^£1 jj j* tilliA ^jjjI <jl ^JI Ijlajj 

% * 

AjjJajllj j_£i]l L-lLn^! <LaLoJI IjjjjJa]! сЛА ^^-ajjjJ .LjLjjJ-q jiiL-a jJI ^Э ^jLijJI jjfL 

. 10 " 13 ljlij JjiiAll jjji^JVI 4_1 дЭ\^а11 


Co-tunneling mechanisms 4 jU*a11 <^Ш! jjaJ! cAJ\ 6.2.1.11 

(JjjAjjjIaJI jjjxil \_£_1Э jjfL t -" L_1 aj]j£ 4_Ас. ДЛ-2к jV! (JJ^lii L_fl jjjj 

jA J i(AF > 0) Аэ11а]1 c." 1J*4 jA jjJa^A JJC» 6 JJ jaJ! ^Л JjjJjVl -i JJJ^lVl j-Q jjJj£lV 
jA ^ILLjj fiLxLL LJ Li jj tll] . j3j-a]l (JjLjjJ V jl. )*4il Ajj]ji .ij^jJ jj-Q-G ^aJ 

(^iiiJ! jjjxJL jAjVl jjji£lV! jjjjjVI jjji^lV! j-o jjjiill Jij j^aa]I jjc. 
J» сЛ jjjjIa]! ^jUill jjjxJI e jjjjjjj La! . jnL-a j]l jic- jiiA jj ji£lV lLLuIa]! 

<jjA JJC- bjJJJjJJ (l^ ! U] JJjoLaII ^^iijl! JjJxil Uj! JJJJjjJ jA jlc.jj U]LiA .L£-AA Jijll 

c'ijj j^Jl ^jc. A jy'iA L_iij— jjjj^il SjLj \_£лЭ ja. jJj jl'jql'j -ч a jj jiLJJ LJU. \_£_1Э jaaxjj 
4^iij]| jjjxJI ^jjjjjjjjj Ll£ jjj£]V! ЯЛл. ^jA^j l^-ia j*ia», j'j tAjjA Sjjj^ ил (2) j 

.4Дпа ‘ijLl \_£_1Э L^.jj V J 

J 4_L-a j]l 2 ^Lx-aj]! 






Ec 


1 jj j~. 11 


cV 


.JjjjS]) 


JJA (j\ ji&jj ,4jjj> jjfr JjUlj jjjC SjjjjjjJ w ^ J ^ j"' '* > '* 1 '^ л 8.11 JSjJI 
jjluiji! jJI jjc. JUjjV! (jjjjiiiU jjjjjiJ! (jj> Jlj L> <Uli ii_jj>jlj£ м_1с- ^iiij ..v J.^i%1 
.e jjjaJI (_ylc. lj^j j (jjjjii! 9 jIj! d jj £a > .xlj Jj' ji! 'Lliii (_,iiiil jjjjdb 
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Яэ^1с. •‘Lj-Ul JlC. ^jqill jjJxll SjjjJjui 8» 11 (jLjudll ^u-ajJ 

4_ijUj£L]| Ал~\ tfaW ^Э <j-oj-a£ djljjlij ^Jj ^-aja^II ^Э jj-ojllj 4iUall l_j\jjj 1 


.lal j jjjj£jj cJilijj Lodjc-j , ^jqill jjJ*J 1 Ci,hi JJJ5J SjJA -аЭ бЛл (J^La ajjja-SI ^gic. 

4 i ^il l 4 -s. j'J l jj^ j <.h!E c oAaII biij jU jjjj^lj 1 ^£jjjj SjjjaJl ^j biij 

Uiij Cjbjjjill Jlijjl ajjjJjoJl оЛД j-djJaJJj . 4 _aj)Via 11 j-ol£ jjc. Ljiij jjjiLH jliijl 
£_a ^JaJjoj J (Virtual 4_ijJa! jj^I) AjaA j 4_]1_а 4_Iajujl jj jilL-a j]l jJC. ^СпЭ jll jjiij ^ 
Jijjj . ^SjjjaJI L_lij — jjjj^LJJ ojUj dljj £a c<j£Lujj^Lll AiUall ^ U_pjl 
4iUa ^Jj 4j£Lu j*£!I LojlajU! AiUa diL <jjAl! J4C- cUjJjobU! ^jqill jjj*JI ijjj^ 
(J-1 x_a jjfL сЛ -ijUill JjijUI j-o ojjjjjjJ! аЛА jl ^Jj IjJajj . i-_iij — jjjiLbU ojUj 
oJA C5^ tL -^^ £-aj 6 j-'^UjuiiAll ^iijll Jjjxll (J^x-aJ 5j jlic I jj» ь-а dljlliouJ! ^jjJl jjJxl! 

. jjudluiixJl ^jiijl! jjjxll ^аЛ» n d п*ч cA_iiAjlj£il <jixl! ^aUai ^^Э A 'iAjg a ajjjiuJl 


^ojjS аЛС-1э jjUaJj jj-Ul J4C. dljJ-uuJI ^jqill jjJxll (J^xa L_lLuia. j£-oJj 
^JaxJ c4uJaia_jUl ojl jaJl CllLajJ .lic. .UlxJl L_ljl j-Jl dlli djVUjjVI j-aa-i Lgj3 AijaU! 


17 


_J OJJJluJ! йЛД j)A ^cjLill jU 


jUill 


^elastir. — " 


й 


\2ne^R x R 2 


1 1 

- + - 


AEj A E 


[(eV) 2 +(27rk B T) 2 ]V (18.11) 


2 J 


jiiLuajl! ^^Э (JjuJjuilAll ^ijll jjJxlU jjj jjLJI AiUall lj4xj LaA AE 2 J AE\ dj 

jUill jjxiijj •eV « Д + 2 j A/? i Ua .10.11 j 9.11 jjjl л1х_а 11 liij -UjUllj ^jV I 

jjjc. 4_nl j3 AjI^j jA L_jjilU I-V ^jaiJ jjjd 1 Jj (jjjjj ;У 4jj]jill ix^sa jjjm^ 

.Uiij ^jijUI jjjjilV! 

Ul£ ^^Э 4 _ulax1a jjjjLlVI Я1 La jA^j djjl£ lij Uja dl jjjulaI! ^jqill jjjxII jjfL 

jjjxll dj^a. U jajA Uiij (JiiiUl jjJJ^lVI lajl jj ^Uj t^jUill jjJxll ^jjjjjui 
1_$_1Э JJ*4 SjjjJjuj 4il (jj-Ul dl jJjulaII ^iiill JjJxll ^Jj jlaill Ldajl j)£-eJj . ^iiill 

. 18 Uiij UjUa]! 4_Lua jll j)A ^ ji-il Lg_i3 (Jxlx nj iUiij ojjjaJl ^j jjjJ^lVl 


4ja jjSu jill JjjAujaII jjixllj lJjjjouJI (jiill jj^c. jjj jjajII Ua "cjSjH (jjaj ©jUxll UaxIuj 0) 

•h/Ec jA jj£I JjJC. jjj 4 L^ilill oJaII 
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j jjj_ujil ji ^э 4 a 4 W Li jii Дл11 jjAil jjc. U]jLijuiA]l ^jqill jjjxJI _j nxj 

Geerligs et al 19 ajXojj jjc. jA Lijjjdi <iL£ j-o Jjl j .Jjiloll jjj&JVI 

£ * 

(jiii]| jjJ*JI ^LujJ С(^1да]| ^Э j .J_iJjjJa]l A£.liLa]L (J^uui .jjiiA jjjifiij jjj-ujjjljj 

Д-а jLj-q ^Э ( — 1 — 10 nm) J*u^a]l oAiAioi Д j ' 1 Л» a dj\ -a u*i~4 jjJC ^Э V) jjA^I c^jJjuia]| 
ц] JJjobLI ^jqjll JJJjLl (Jj-aa_l .^iij]l ^1 ju1a]I Jg y (JLaXJjujIj Uiilj fc^iajjjA <L-£ 3 J 
jV Д -iJjx^all 4x.l_lla]lj (J^juia]| ^jiloll jjj&tyl j jJjuj jjl jj ^Э (JdiJa j Axaj j ja]I 
.(J J^.1 Л 4 L*->j j-Q IjIaC. (JiJiUll h/E c (jo (J jJal оЛа j jx'uj jjjj^JVI 


d- 13 ^' J j*^' uxh^Y' 2.11 

Superconducting single electron transistor 

NSN ^-ajialA^ j djaJI jjC’ AoxuJt Jljoj) ДлЯ 1 . 2.11 

Sub-gap charge transport mechanism in a NSN system 

(ji jjilLI (jjjj^JVI jjlmijjljj ^ 4 W/j'l Jliijl dj\_ill ^э Vjl \.\jic. 
Normal-) (Al) (J;ii-iaji]l Aijlill Sjj jaJI j (jjx. j-j*-® j-o jjc. ju-oaII jjJ jj&JVI 
daidAll ь jl j^JI dLkjj dc. Д W Ll l Jliijl J ^^j .(Superconducting-Normal NSN 
(Andreev) djjj^jl ji jL -ч j NSN Яа jialdll ^ 4 ^qViAll jLidVI UjLiilji j 

Jlijj С n^k i j*4 x'jll й jia4 JjVI Ojladil . L \n jjjjl bjjJ \,Ag jALtli ^ jjJj]\liiA 

<Jj/ liij Ui]jj c4_Luaj]l j-o L_lil_aJl (jnS J (_Jc u_iij ^Jj 1 Ц Ix-ajjl (^JI ^jl j jjjii]] 

jjj£j] ojjjaJI Л Liij jlijjifl]j Л_ 1 Э JJ*J \j^ iilli jliic.1 j^AJj . c \jj3jl (jjALxil 
2 <L^j]l ^j ^jl J c_iii Jlijj I_£_i3j c^-Jjiill AujLill ojiadSI J . 20,21 СоОреГ jJj^ ^ jj 
^jj АиЭ juj^jj \j.la. UllJ jliicJ (jLaJj . Liajl L \n jAil (jjLxil Д -JV lii j t jjjifUj (Jj 
.AujI^jII IglilLa. ^gJj ojj jaJI J jxlij cLiiij 'ijj jaJI jl jjlxj jlijjifUj jj£jjj jjj£ 
Liiii jVl j^iii jiijji^lj jl И fruab (jjuJjuiiA]l ^ jjJI jj ji^lVI JjJC \j j-lil Li j)a^ 
£uJaa_l j]]l Д-1Э\-1а]1 CllljLiicVI (JJ^i ^j C. \n j_lil (JjjISx , jl £uJaa_ij .ojlaa. (J£ (^Э 
j^Jali ILlj .NNN jJjLxJI 'ijjjaJlj jjJjjjLiVI Д -ajA'ia ^Э JjVia II jjjj^SVI JjJC 


ojjj-dl oJA (Jxom jLaJ j£] . Ijua. IjVl» л LuLaj (jjj_uLoia Ifljli jLlLj Ljlc. Lj*_a c. \n jjjl (Ja*JjujI 


(c) 


.Auiaill UibLuajil ^lc. <jjL jiiJI 
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21 е е 

jjjl^xil (J^xa L_jL_uU j .Ljajl L_Lqj]j£ 4_Uc. <j3 

Igijj j^jj Ajjliill <jj jaII jA ©jjjjiaij l_sjj jcil ft jjj j-o Sjixk (Hekking et al) 
Liij (L_ij) jjj^ll j±*j 4(2 o jlvsll) 1 6 jlxkl! Jlijjl J j! .^iLill j^_ill Jc. 

^uj'N Ajjoi Lg_i3 -1^.jJ 42aJj_u j 4iL^. ^! AjjIJlj ЯШ. j-o ^LojlaixJI ])L-ajA SjjjaJI ^J 

JJ Liij (jk! j^l jjji£JJ JiJjj 4,^-iLiJ! JliJjV! ^j .fijjj^J! ^gJc. 

ciili jjjjj .oJj^jaI! cIjLajxj^JI oLluj! ^a 4^.j! jjA aJLsl JJ <L-ajl! jAii jjc- fijjj^J! 
(Bardeen, Cooper, and Schrieffer) BCS <!L*. JJ J-A jhu' l ai*j ^jjji jj*i! SjIcJ JJ 

L jjj jAjl julSa 'il (JjxA ^ la» j 4 4_ijlg_i]! j <JaJuj jllj A_JjVI 4_jj_uLiAil Cj^LU! ^a^ jj .Lljjl! 

: j i <L-a jJI jjc 


'"'i / Д 77 \ Andreev 

- Andreevy 1 ^ i ' ~ 2 


АД, 

/ Ал -. _i 


(19.11) 


Ajl^a^e G' Andreev J iJjjjJ&ly} blS Jliljl pLiii J Я31У1 jiL jA Д£ ; llua. 
^Э jjjjilV! JjJC ^JcLxa! AJjLaa йСД J^xaI! aJcLxa jl la^k^ ./ <L-ajl! ^^Э с. Lj jCj! 

ajL_^3ja j! ^Ljjjjoilj (5.11 aJcIxaII ^xUj) NNN ^'jii! j- 0 cjii-A jjjiUj uj^O^U^ 

liLLk jU . 4 L-ajll UlU Ajjlxi! AjiU! 4_iL-a j-<J! (_U_a (J^j 4_L-a ji! ^э c. <a n jCj! 

jLaaIIjj CjjjULU ^ u),Vig II jS x'jll ^ic. t_ jj jAjl AjL-ajA Aajju cAjcIxJ! A jL^ijaL 

e * * 22— 24 

j-o ajjjjjj jA L jj jAjl ^llxjl jl Jl I jlajj . (jjJjjjilVI J jaJ Jajjjll 

^x3jjj <jli tlc^. Sjjxj_^a Aj^li-uj Iji jLiij j! j^U. LaA jjjL-aji! j! ^ilj cjijlji! 4_jjjAi! 
^i j| jjcij ^аэ .Ajjlxi! Ajiiil! ^jL-o jaII j a ! jjj£ j*-ua! l <a_n jAjl CjLL-a ja jj^j jl 
jjlai! Jajl JJ Jjcli-Q (Ja^Jj 4 jjjL-a jil jA LJjiilj 4 j,V<ill Cj\jjjj£iV! 4^ji. ^^ic. ^aj3J 

6 5X10 12 1 21 4jjja jA Laj 3 L_ijjjjj! CjUL-a ja .ikLi iljiij ajjlxl! CjlijjjUV! jjj 

j^jj Jj£! Ujjj^j A УУшиаИ L Q jj j_lil CjLiL-a ja jl V] Л /R-^ j-Q Ijii^ j» x-ol 4 aj3 dCAj 

jA jxj-a! jjJjjjUVI jU! ^ Laui jjl jLaaI! j! J\ ! jUj3 . A Ajqll оСД jA o ja 10 
(JjC.Ua C^! Li^jj 4 4 ^kj^s. ksi jjC. LiA 4_UajiiAi! 4j3iii! S jjx^all jU 4 4 L-ojll juUa 

e g. " e ^ 25 

L <ajj jdil 4jL-ajA juiVi jIUa Aajxj j! £3 jJJj • fijCuLiA jLiuiUI ^^3 jjlai! Jajl jj 
^ ic. j 4 jjJjUiil jClL-a jl! jA LJjiilj jj3ji! xujj^ II (jSuill ^ic. JjUll JajljJ 4 3-a j. xil jJ 

.(_£ jVLH ojjxjI! ^з! jaj L_jjljjoi! ^з! ja 
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SSS 4_aj!aU) j AajjaJ) ajajl) Jlj Д -Jl 2.2.11 
Sub-gap charge transport mechanisms in a SSS system 


^uuLiiajxA (Jla-oj 4_Caia-iA S jl ja. Ju^jC .lic. 4_njjal CljljLlJ 9.11 (jSxlll jJJJ 

Д -ajJo A^jli CljjL-aj-o SjjjaJlj jjjCjjj^lVI (j-Q (j£ l^ja L_alljj A m I ^jCxa 

4<C. J-UiJ Vg 4_ii] JJjjU J £-UiJ V Ajjljill JJJXJ c-Uj! jLnll (>jba (j j^ . 26 (SSS 

(J^juJI (jjlxJI ^ jaC-JI (jJJJ .4_i^A-<J! /(У, V'^jLnll CIjIj Wu 

ClljL-ajA Д -AjlaJA L-qjSV'I^SI оСА jl ^J! Ijlajj .960 J-lV Cjc» ULa. ICjxj-a 9.1 1 

AjL-a jaII Aijli o ja -э Jjjj c“ n-v i V = 4 A / £ .lic. c jxj-all I сд jl ^ ^ Lilli 

% 

4aj1 S jjJ ,jt 660 |iv -Ac- S jAliall jliill (Peaks) <_г ji (^iij -A = 240 peV (jjkJ 
jjje. ^xj J.^i-sj ,_р]| (Josephson-Quasiparticle-JQP) "2e-e-e" jjjoiijjjs. 


<La jll - , w -'j a Jil jjyLoiLJ-i jLiiij jl jjjc- jilL— з j]l Jaill jjj^ j jj 

la3j tUjjil l.la. jj» x-o jUa-i! <jj] j3 Ajc. A-Qjhj-Qll tCJjLoJ LiA ^i^j k_a jjuj . (_£ jajH 

• 9.11 (JSx'jll j)A ^lLxlSI £ j>Jl (jjJ-o]l J jSxill ^^ЬАаИ 
cAjaAVI (j-Q <L>.jC ^Jc. (_£ J^ AiUa оСД <aj|_a]| ClljLx-a j-UI L-oj)a i-a <aj j 

.(Josephson coupling energy) Ej jjjjiLjja. jljjil AiUa ^ cA j E c AiLCaJ 
j-v xxill AiUa (JjC.I_Lq Clljl£ (,E C « Ej lij lAiUall aC^J © jjLcLo ccL/U». djjlii tilLiA j 
jU lilj .(^cLUI jjjji3jjj>, (Jjxi-n I. JaSI k" ) )*ч (j-o L-qj^VxJI C_lL-ajlj ibjJXo-a 
^Jj-alj t e Я -ljjC лУп -v Clia-daj! j iCjij-UI (jjjj^]VI jpdu ClAiUa C’ плпД iE c »A 
<>E C < Ej < A jjfU Locjc. (_^-2 AjaaI ciaVLiJ! ji£! Lol ,^\л> jjc. ^jqLSI jjj£ ^ jj jj^c- 
(jjLun jjCj 2q <j! jjJ! a w A) (JLxj <SUJ! oJa lijli I jUj dJLiA jl jjjj l_ a j-^j 

• 15 2e 


dlljbj t£) ~ (jR^ / /? s ) A « A dijl£ t/? s » R q l^ji CnjL-aj LnU ciiil£ lil 
.jjjanau-a (Inequalities) (jUaji.! jlU! jUU <1хиСа ^jii E c — S j^£ JL^a dSliA jjfU 
|Г = 0 Cjc.J UaLqjAI jx -аЭ (j-G (J jL.L/1 djliUaSI j-o jl£! A jj^ 4-iiia. 1 ViS-a'i j 
^ljj! jj£i jU! ciiUjjjilV! (j-o Jaia (^jj ccc. jc. (j jlaL jiS! 'jjjjaJ! djVU. jc. 
'jjjjaJ! jUaJjj (jjjlS! (jjjL-ajlS jjxxi^j jja. j!jja! jisUa E P _ j Е п 
^jai-o U = (pi + (p2 J U-ag \n jjJall Uji ф^ j ф} j jL-oj-UI ^jjliS! jjCj ji^JVU 
3JU-X-UI (jjlill jLilll l . ь —xj i4 liig л E c ^а Q-ij tSjojS C\ SJLk. t Jlik, . ju j .VII 

:Ял]И1 
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(20.11) 


Is — 


2e E j\ E j2 sin v 


П 


Ej(v ) = Je* + Е) г + 2 E n E j2 cos v (21.11) 



^Цьи! w jjjj -SSS <1л-1 /(У, V g ) CjUUj 9.11 JUbB 

.00 ^-алЭ ^ic- I jjj£ Ajuxj <jjJ! j^jlill jlnil (jnjj c sliJ j ilQ jJjy 

(jl ^ ^ (jjjj c j^jaJI AiLLa Лл. 4 j 3 ^ » laj (J jll £ c > Ej <*" J^.V 1 *^J! -Uc- j 

^jill Jiic. jjll n diVU (jjj (Degeneracy) JbUjVI Jalij juc. (jjlill jLnll 

:^л (2(/c — 1 Ajjjiil 

2eE jX E j2 smv 

h ~ h 2Е } 


^3j ,л\\ E c 5JU. ^э 20.1 1 aJjL*U1 ^э UU^j ^ill 4 ^nVl c V^Vi aUj 

i(j jLoij Lijj <-<иэ ^gJl (jjlall jLnll j-aillL tJ^UjVI jjj ViLouJ! c. VUn/> 


2e E j\ E j 2 sin v 

T АЁ С 


(23.11) 
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Licj •AjIjJI 4 WU jjxli bjjJ jUuj UJ* tiq jJ)J^ и^Й u' (s^ ^j^bUJI 

C 22 .11 AJjlx-UI ^Э й\ six X) ^jj-saS Я-<иЭ ^Jj jUjJI С-К'''*.. 1 ^Qq/^ \ Ajjjiil A^j^a2I 

J» >/iij 4 j^U_iVI jnj .o jjii-UI UjjL-aj]| ^э jjliil jLiiiJ jg * < qII ^aiJU AjjILq 

Л -i^j^ll j 4jjI jUI diljjlijll jl ^Jj 6 jLujVI jj^jj . Ej/E c « 1 Ljj U -0 j-oLu u^A^ 
IjJj-Q 4 jjlill jLiliJ *Lq jjx-o UJ^" ^LqjLUj jjUn jJI jjlall c." nUn ^j (jjjj u' U^ 

.^^-ajojVI jUI jLnll j-o j*_x-al JIjjjI jIjj ^j cillil Ц ~njUi 

AaL-aj-^t AJjli Sjjj^ ^ AjU' Jj*A-» 3 . 2.11 
Parity effects in a superconducting island 

<jjj ^lc .lAJ*j o jj» x-oll UjLqjJV-UI 4 Д) Jjjj j-QJjll j-ajL-sxiJI jl C_flj*j j^j 

c'ijill б! jj ^э Jajjll AiUa jl uilJ aJj-qI j}-oj .a-qjJVi-cJI ^э N cjLojjoi^JI jic. (P 3 .rity) 

Ullj jjfL 1 <q п*ч JaJull AjUa j-o uj£I LajI j 4 jjil CjUjjjjll j Cjljjj jjUI jjc- UjI j 
o jUu-jJI Ajjjx-UI AjjjiixJI cjlc j-q^-qJI ^э <^jLola 6jaUsj cjjj^ ^э jjj j .32Ujja jjxil 

CllVU, ц^Э (Spin) ( jjjjuiil jl^ ^aJjjjJI j^-U_il C_JJjoJj . jxjil j-i^. jil UjLq jiVlUl ^jj 

Ajjjiil CjU jj&JVI jljcl cjlj Ajjjiixil UjIc j-q^-qJI j-sajL-ixk jj£j t jjii-UI ^jjoi^Jl 

.33 <allV-Q An^jjJI j 

AjUa jjS 4_i-*aUjj i ^_^j jil - (J jjiil jiaUj^UI jij 4 jUU-UI jjjA ^Э j^i 
jfl j . aj£j-qUj j j-q jill j j j^JI lic ^ujLn j 4 lULqj-ui^JI j jc jU j jl £-<* 4 Uijll AiL^JI 
SjJ j^, ^Э jx-o^j <ix^j Jjjjiaj Ajjiil j U*-Li lUi'i Lijliil AjL-aj-UI jl j^j 

S jjl jll L-jjlvJI jjib jj3 . jiiil CjU jjiiil j-Q (Ю 9 ) I j^. jjj^ jjc ^x-q 4 j\x-o jUI Liili 

AiSlill CjbL-aj-<JI ^Э Ajjjiilj A_i^.j jil Ajjiil j jxi-o ‘ijS jl jiiar j jl£ 4^Jai-<JI I jA ^Э 

(Jjjj V N» 1 jjlill jj-a J-UI jl ^^jic Lqj-qC jUil <-oJ I ii ,1/N (^^uujU^ ^UjLii 

j jxi-Q 0 jj jl jjfi L-SjjJ Uil V] .ijjjiil UjLujli-UI ^alui ^Э ^U-£ajL-£xk ^Э Ajji jjcli-Q 

j-o Д/' jc <iilui-Q jj il/N lA-° ^^Uj V 4_jJaiVi-oJI ojljUI cjL.jj jic Ajjiil 


^aJ-uL^il AjUi CjIjUI jjc jjj jjilU 0 JjujU-Q <L-£3 ^ic l^_il jjji 4_fljJJJ .IjfAll CjJ. 

j-o (JjLujj (jjiil I jA jl I jLiij .Ujji jjfL j L^.jj N jjfL 1 ап^ ojjjaJI 

CljU.jj jic Ajjiil jjxi-Q jli 4 Д_л jiai-UI jC jLill jX-LajJ T = 0 Aic- 1 1л;Л Clua. 

. ^)j£l 4 ^ л 1л~. Lo^jc- . a. . Jaj V 4 . >.q-n. j Л 
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j -bd j 4.2.11 

Experimental observation of the parity effect 

Д-л jJVija (j-ojJa tAjAlll (J j*_Lq л!_л1с.1 Ijjj^^j ^JaiLa]! 1лА ^^9 (j^ni Sj-uj 

1_лЛ1с- Ajl li^uJaj! Лл1 .Sj!^)^J! <L^.jj LS^* ; NSN ^ jjll (j-Q .ijiiA j)jjJ^ij jjJj-uji! JJ 
Ял11а]| Sj^JI 4 -qj]si1a]| AiUa (jj£i t jqx^ll jj-o \jjj3 V I Ajj]j 3 jjflj 

!4i£Luj j+£]| 


u= 


(~en + Q q ) 2 
2С У 


( 24 . 11 ) 


Lo-lic. j .6 JJ j^J! ^С. Д -Jajli]! CjU jjjilVI ЛЛС- ^^Jc. Ш (jJI 

4 -nj -ч ksi L LtV ЯлиЗ J4C. ‘jjj-o 1 -aK 1 jfvi^i /l jjx'n t4_!L^-A (J-ol£ LS^" Vg 

y^i J! .(^c-Jbu-a ллс. k Ljj^. £+/2 (J^J! j-o) (Half integer value) 

^ (jjLoj jj^j cIjjjJ v CjIjI! JbaJVI AjjJ ji ллс. I(Vg) j\+]]\ UJ^ !L] j t^J^l! ллх]| 
= .* > 
.Liiij jjildl! jjjj^lVI jjjc. jsl ^g-]]! QtJe 1 L_U-ai ^jil! .lic. (jji 


Л!ЛЛЛ^^ 



Q/e 


(V = 125 цУ) jJLa jUJI ‘LJji Jfr NSN Ajj*J ^jjjjaj 1 _ бо LAJaL» 10.11 JSJJI 
t^JtjjJI Jc. iii UUJ I Ct ajjl jSj .300 mK j 50 mK <jjj “Jj^ lAajj f 
^jLu jjJj lla. AjjjJ jjLiUJI t A jjaflajJt SjljJI jjla,jJ jjt .г* U jVI Ajxj ^^JfrVI 
Jj» g LjL— л u jjJ (LJ-flJ tliLUjiJI JJ*JJ tLajjJj 9 jl jaJI AajJ JlJjj LaJjfrj ,2в 

.4jj»j| 9 j$J T*~ 285 rnK 9 jl jaJI + jJ jjsu Ajaij 
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ja jJa j jkUJ! I-Qo (з ^Ча\ 1 (jl -l^-j t^_2-ua jaII A^jli ajj jaJ! (jj£li Ui.lic.j 
(j-o Яс. j<q~\xi 10.1 1 (J^joJI jiJJ .2e (JjLujj jjAj LijjC ^_±uaJ A^Lula L_fljjla 
Sjl Cj1^.jJ ^jc. (T c ~ 1.5 K 1$j 3 ^jjiJI SjjjsJ) NSN 4ii*J I-Q 0 Ci ljWi ^ ' l 

AjjjJ UjIjWU'I jj£li tLii.J! Sjlj^JI lIjL^.j.1 Л1с. j . jix^all (JjLujJ ^uuiilaixA JL^a J 
j-G <jCj 3 -jjc* ^c_fljjj^j| LiLa^ Uiii jiijjifl]] UJ^ £-° 2e (UjLuij uj*^ ^*^?* 

jUuj ojj j^J! ^gAc. UjLj jJ&№\ C^c* jl (^^ic. 2e — 1 U jLoiaI! jj-2! J-ljj • QoJe 

(jj£j (jl JjJaaj Sjjj^J! (jlj ^_^.jJ IJAj .a^.lj jL^ a jj^ (7() jl*W' 1_лЛ1с- 2 j!.JLaj 
^ j*4^k (j-saaljjj cSjl j^J! 4_^.jJ jljJ jl £-g j . 4 nar x> 4_i.ljj (J£i5l Ujlijjifi]] ^*^* W_i£ 

ЛС -Ijjjj .jjjjU. (ji^l (jjj-ahc. (jiiAji JJ Li^jjJj d JJ^ J^ Jj-a^jjj tL jjjAjl (_£ji 
QJe (3ji -lic. jbj £A LaLaj (jjjL^ailo (jijjjj ^l jVj^l ijj 2o (_^-Э (jljAjall (jljlA 

.4-1^. jjll ^ajill .lic. jj]! UlL (jA LLlls ^JcJ Aj^jill 4_i-li_u£ail 

Qole ^aji ^ja*s .ijc. Aj jLujja (Uu^ LJ^ e LjLula jLiil! jjC ^ Ijjklj 
JlSj .Djl j^J! J-^-J-i AjaluJaVI Sjbjll £-Q jLnJI (JjUtj j!.JLa jjjjj c4_^_i^_u£a]| c. 

UjL^.jj .lic 2e (UjL^ jj^j ^ Qfc^iTi 10.11 (JLuj! I-Qq UjIjW ixJI j! <jj^lil! cIujj 
oUbjJl олл jjy V ‘cjji 285 mK iicj .275 mK ^JI Jj-oj S j' ja. 

‘T*= 285 mK — j e jjJI Jl 2e jjJ' о- 0 Jl&iVI S jl j^. <^ji jiij 1 il .Jaia e jjJI 

* 

.<jjxll 7 j L^.j^J! ©j! j^J! <L^.jC jja *4 j^-i (JjLujj Я-<иЭ o^Aj 


37 — 39 ** \ 

jjuj 4_i£j^. UjIjLui^. $.! jaJ (JjjjjJail (j-o t jLal^ La^S 4_i.li]! (J J*-Lg ^fr^J 

dili Ajjl jiA]! jjc Lnli 4 а*ч uiiaII ь jViuiaII UjL/L^J! (Я ja^ JLc. jLa_iL/ Ajunj AJjLla 


jLi^jV! 4_iiljs Cj-^* *^ с ' jJIj jU^-iV! (jiiiljs aJV-^j ^ciilil! jLii]! -jj-i^iij ^ L«oll 
jU=u! c." il nl ja jjc. j ,y = 0 jjc. jj! jil! jA bjji diVL^J! ссс. jjfL Lj juj cLijJ! 

L-Lullli (JaIxJ V £А jjluljj! jil! jUJ! jLnl! L_LullijJ (jl (ХЗ jij CL_fll£ J-iU <Ua ikjA 


jjjlj (2e j! jLj] 1 jji c.w3j (jil . (jjl jil! UjL/L^. слс. (^gJc. ^Uj cj 1 j Vj 1 jjLi 

JLC. Я -ijjJ JUxUaib JJaLuii J£j ^ajujj La IlAj .Vg jjU lUjVL^JI CLc. Aj 3 jji'n (_^Л 
<iijla]! oLA (jj .<Uaii_lA]! jlj*4 iVI LjLiiljS Aic. jUj]! AjjjC (j-o V ^J Aij! jlxJ! ljVL^J! 


•2e AjjjjII -^j^-j ^LjJj (j-U о^с.1иьа1] 275 шК iic- I-Q$ 


0 H \JI Jo ^LsJI KJI Jj (i) 
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4jLi3.l]! .IjJjai jji (j-Q I (Vg) jji bb jL-saja! ^C. jj t!.!^. аЛ A-Liuij]! 

.Ajc. JJ*J ^Illl £jW! 4 *)>. s-ij 


jjiUj jaijj 3.11 

Implementation of single electron transistors 

S jjjjjoiJ c" ujn-o Aijjli djjL-aj-o j-o Lcj'u^ 4 \\я \ ь jjj -йэ 11.11 J^Jll! jjJJ 

Jj*-uil j£-aJ tjjli (Jx-ajA jA ^jjIaIV! j' !jlaij .AI/AI 2 O 3 /AI djjliil! Cljlajia]! 

jjlujj!jj ju/i j^-ajj .AjjbtJ! aJL^J! ^э j! Jljli]! 4 jL^tja]! LLa. ^э jjlujji! ji]! !Ьд 

CljjLuajA]! c ilLuaj!j jjix-o]! jA £_ui!j t Lila jLojtllujLj SET Jjila]! jjjiilV! 

i a]Lii (jJ]! SETs 1! ^! ji! <. L-ai <. sjuj c^laixl! !Ja . a L^ijJ! cIj! jaj]jj]! j 

.4_jjjjJa]! Ьэ! jOjliUL jix^aaG Aij]! jjli c-L-ic- j-° ! ^ ojjj^J! 

CjL J ji^JV! Laj^. Li! jC. Jjj Jljjlaj ojlc. cJjjlujji! jil! j* ^ jj]! ! La ^ u-oj 

jVjJ jL jSj t (Shadow evaporation technique) ^jiLl! j ,A <\W Aiiil ! g ж /Yi jiJ! 
j-ojJajjj .dj!jla^J! j-o aIuJjuj j^ 4 jVa J! gJa j jS'n . cIa ^ з u^i J! 4 _iikj jj!j Dolan 
. jjSjluJ! л ujS! jA (~ 30 A) a 1 i 3 j a ТА c!j!J jjfLL-u]! j-o a \ (L-o Ailij a, ^Vi ^^JjV! 
jg ~n oj joxjjuiJj . CIjLj jji^JV! Loj^J J-ujLui^. L^jJj* Ajj^Jjj <iiiaJ Vj! A^l^j]! ^ИчЛ 
Яс. jiLia]! ojjt/nl! jg A'i ^j .Ailij]! ^^ic. Sj!J! Jl£jui! <c.!_iLa] (SEM) ^ j ji^JV! ^J! 
^^lii Lo (Jljj c^i^x-cJ! J\<\\W Лж -Jj .Liijji^lV! 4_*j^J] Clluia j*j jil! (jLa!_L<J! Д_1! jLj 
^^jlJablJ L_jLii]! jja JjV! (Jx^aal! £^,!j . jjjijuiVL aJ! jV! ajla^. ^Э <xjLia]! jjLJ! jja 

.£liu*ai]! С1з! jjjlui (Jlualij jja ^jjja ^Ic. 


SETs !! (^gJ^ <-jjLujLa]! c-! jjJ , vnj t j ijai^!! djLjji^iV! (Jic-li-o Jj - aj a_ixjj 

'LxjuJ 0.1 meV jc. (JSj jA!jia]! cIa с1з1э11э jV <j]]jj i^bJai^j-o jj!j^. ciL^jj Aic. 

л * 

(jj^j toilc.j .1 K -^ic- ajj! j^J! ЯзИа1! Ljjii (jjLuiij 15 F Liij j* AJLa^.! 
Sj! j^. L^.ji с1з!1 Сз! j jj ^э jijio CjLjc. j ^c-Lj (jai^ -л JUotluL jLi]! Jii djL-uL^ 

. !л^. <jjni^-Lo 
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2 l$Jjla sjjja. J- 4 SSS “UjC c)JJJ j jijj jjjjill jjjiujj) Jjj |Лл » jj£u a jj*<a 11.11 JSjill 
JJft (ji ^SaolU jUI AjI jj!I Laajl s jj~aJI jjjjj .70 П 1 П 1 аЦд JS (jja j£- jjJjjjUlj (J,m 
.(I jjSjij J. Hergenrother jjjjiajA jjiSjil iialja jju) SjjjaJI yle jjUjjjiWI 


41 


LlUll 4 jjqjl ■ II > ojlc. J jjlail j j j'^IVl Clll j jjjoj jjl jj L_UaaJJj 

s= # 1 

jjLuia] ^LijujjJ £-c tljjjijLaj» jQ jjg^ 4 Г~ч -ч xi AijO (J^U lj]lc. CliLujLii]! (J j^j IL]j 

4 jjx II Л (Jj-aJ V l” J JjLuIaII CCjjll ^JUll ^rj-4i>»ll .‘ijAVj L_L^J .JjjLiill 

o^C-LuiaJ Lg_i3 jjJXJ ^ajujJj 1 1 g j4 mj jl ^J^jJal] j^AJ Vjj ^(J^Liil] 

Laj 3 j . JjU j^-j ^^Ас. jLii]l (Jii iC] jLuj (jA jj*j (jl (j^-aj c£ ^ j-^V ^ 4 ci ilj jj ji]l 

CliV j^b 'ill JJ*J (jl ^cJ^-dal] (j^-A_i cAjL-a ja]I AijU]| C^)L1 a]I (jjJ&iyi diljjimjil JJ 

. (j jjuiSj j j^. Cli LUa j Ajjjlall 


j jiUI jj jiSJVI UjI jjlujjJ! jj uliujJaj 4.11 
Application of single electron transistors 

MOFSETs dil j jJjuj jjl jj j-IjjI LLU. djLi^a ja]I L-a 1 nVil Дх -Lixua £»JadjujJ 

.(^Lill (Jj-a^]l jLiil) djlji j-dc. (jc. (J£i Ig'jSLojuj AjI jj cjjujUI djli aLaUja djljUj 

^lc. <jJaLl_lA djln] ji AiC. j jJjuj jil j!i]l jLiJ ^.juuii] AjjjjjJa <aj 5 j]| 4 _ijaiC.Vl oUj 
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4_i*j 4jj! jflVI cjLj^UI AjCxj CjLjI ^ paji^j ^gJj jj^Li^j jj» 'u-aUli .AjI jJ! j jjifUj 

(Jjl^J <j\j ^jjjla]! Д -LajLk IjILj .djUj A^lij j-ojJa Cj! j jJjoi jj! jjl! j-o Jj j-o £-ua j 

5 ^JJ <j! jjI! .\)хЛ! Я£1_ах« j«ojWn j jlmj jjl jil! jj»_x-aj ja! jW j! L_jaj 2012 ^»lc. 

oCj-l^, ^JJ Ajl^-ii! ^Э IcA Ajx^V! A^Laui cJjWj jj-aj t fljuu ^iiSijj • jjSjLu djljj 

Jjlxll jLi^j! ^j (jjjj (jqqj'l CjljjjjilV! jjjc. jV ; AjjojLujV ! AjjL jWl! 


^jjjILL! Ajjjljl! Cj! j jIuj jj! jil! ^uAlm tillil л > jVi j .^Lj^lll 

jaj .AjjI^j]! jjjlal! 42ajLk jjly'n cjLujILoj CjIc-juj Cj!L <1aI£!1a Cj!j!c jjjJaL 

jjjs j-o occ.! j Cjl_L-a! ja STE cjilL! jjji£lV! jjiujjj! ji j3jj cCj! jjjujjjl jil! a_i^.L 
,ak u)\1 AjILL! AjuuLui^JI j lc^. jjai^j-U! Яз!2а11 l 2L! g*u2 j ojjiu-a]! CjLujILLI 


L2 lii jj .SET !l л w 2)11 JliL! ^juajj] cjLuiLi]! j-o cj^*J! (jj^.! ci] 

e * # 

CjIjjjLI! J_uj!jj j^-<L c j jIuj jjl jll! !2д Sjjj^. ^Jj cjLjjj^lj AiluaL LijLuj ol'uu^L 

cSjj j^J! cjVL^. £_a jjUaaV! CjVL^. Jajl jj j cojj j^J! cjLjji^lV! jjj <]jL1a]| 
^^lc. ajjj^]! SET S! SjULo jj . j jjuj jjl jiS! l2j1u 2 JijliS! Ajiuaj-L! jjjju AjjS j 

^JLU! jLjS! (JjjLLo L^lo j c^jjjLiS! S j^-^l cjLjjJaj ^^э <]La*jujL ^_auj jLii]! vJI 

^Э 1.1^. оЛ j3a Я^12а1] ‘iaII j g*u2 1 g 1» >J J * jLU! ajjLt-Q jjjjjLLoj AjujLu^UI 

ajujLul^JL L-aj! cj! j jJuj jj! jjS! tjiL c_iuajjj .AiLi£JI AjSLU! a jJaiAll cj!j!U!j j£!jiS! 
jjjjj cjLjjjiSL cc-LuiU! (jiiiSI jjj*J 1 Ja^. j] jflj . Lg-ilc. A_i2a_Ul cjl^L»_jjU ajSLU! 

S J^Lc. j . AjjjSjaII jjla. jUl Cjlc-Ltuil CjL jj jfl j-aluallAi t LLS'l jl Luajl jSa) Lgj! 

! ЛА (^Э Jjflljj c_i juj j . ^^-uajJajx-UI (Jj^-ujjS! CjLajjJaj ^^Э LgJLjUuil j£-oj ; tjiSi (__g2c- 
. Л jil-UI jjjjilV! Cj! j jJuj jjl jj] A ‘iSaaII jjl \nW'ill jjaxj ^JaiU! 


Metrological applications 


С1аШ\ CjllukS 1 . 4.11 


Precision charge measurements Д ъЛ\\ AiJU) LjlujLiil 1 . 1 . 4.11 

Aij^j]! a w 2ill cjLuiLii ojL-o-o d! j) SET cjil-Ul jjjjSJV! jjjujjjlji jii*j 
AjcLU! aJUJ! Lq! a, w 2ill ^juLii SET S! (JLwCiuj! j£-oj *LgJ a_2LU! AjjujLui^. ^ iiuii 

<laii ^jc. jLaj) Ajjlji jjlujjj! jil! ^^lc. jjSaj i'ojlc. .Jijli]! 4_2ua j-U! aJL^. j! 

l_j jc. j-U! a Wuill jjii ! iJ .Qq Aj! jjI! a w 2i jj*j] a -nj'Vi jLiilS jjj^ c2^^*i 

CjI Kui (juLii j^j l2]Lj .AjIjJL Jix-U! jLjI! (jjlijj t jjlujjj! j2! Aj! jjj Lg_u)Li 
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^(_£jLuLi3 A jq Vi jLaJ (_£^]1 4K x*ill АЛ Гил! IaI .e (jjJjL]jH 4 W x*i j}-o 1 jjj£ J» a-oI 

Д ia. >иП Ajlilioil JjiLall jjjiilVI Jjloijjljj jijj lillij .10 Hz Aic. 8x10 & j JHZ 

.(_£ jL,V I 4 W L'ill (_JuLi3 o j^.^.! a j3jJ 1ал I jjj£ (jjJaSl 

5= S= f 

С^Э .l-g-iS 4 W Lill ALja. .Ix-aj] 4x.jlLo Clil-Aj)a ix>j Ljxjoi Ljajl SET II (jjij 

* 

djLjlij j] A L^ j-q c 4 _iaja^ Jalijj ^ ji!l 1Ьд ja A Г 1 Л» a djl j jLuijil jj djjj3 

> 45 

J.1C. (_5-L. (J j'Aj ^aJjui^JI (jl£ (jj Лз.кМ 4 jL-oja] 1 Aijli djl AU^y) dljjij . Lg_i3 A W Cl\W 

* * * * 46 # 

Ajxj djjL-aj^JI L_flL-ajl ^_uia! Ldajl C1 i1a*JjujIj . dj\jjjJ^]j/l ja (jjj3 jl ^_^.jj 

. 47 1 _ 6 _ 1 Э c_jj! jj—j]l ^ jjj djL jlij (jjLi 

jLdll S jjLl4 2.1.4.11 


Current standard 


IjA JJAJ . jLui] ^jLxa jjiiLo jjij-dll jjjjSiVI JjJjaijjljJ djLjjIaj (j-o 

dl]j jc. ty (jjLoii JLxaj 0 jjc. 4jj jij djlj jjjilj Jijj ^ jL -л jLj j jIuj jjl jjll 

(Jjjxi 1^-1л c4_ijij]| 4q]"A - q\I diU jjLJI (j-o ccc. 4_д j jl£ Jil .1 =. e f (_£jLuii jLj 

(Jjjxj jl c 4 ^ 4 ^4_iiij]| ClijL-a jll (j-o 4_iiii-£a ^^Э j j^JL ^jjjLJI CliLI jj]I CliLn] j3 
<Lli 6jlc jjj^ ^! jj! (JL j ^(Jj-a j-o c. L- 0'1 (j-o 4_i-oj-<i£ a Lq'i ^^э Ajiij]! j^,lja-!l 
cliLjjjilV I 4_a_da-«ii ^ajuiI Lq j^ -Э 4_uj! j J 4j jLx-L! jLfJ! (JjjLLq JJ^! Lal • ^ 1 4 jL-a J-L! 
LL-aj-o 4 j! jj ^a LLjLjj-LI 4jiij]| cijjL-a jl! j-o ллс. j-o lLJLj ^^jII (Electron pump) 
jjjjLJJ j^. (jL-oj c^JLj]! ^Jc. djLI jL! djLnl ji (Jj.ixnj .djjL-ajl! jjj ajjj^. jfL 
15 I СА jLj]l (J jL (_g-3 Яал]| c." \я \) СЭ j . Ajiiill Cli jL-a j]l 4_ajima JJC- C jij-o 
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Information technology 
SET memories 


jLLLI (j-o I j^. 

CjUjLl д» 4Jtfj 2.4.11 

jjiLL) jjjj£Wl jjL-jj)jj jSlji 1.2.4.11 


^Э l.ic.!j La-ujj-o 4_1л AiUal] (jjaiLj-L! ALjl g,"u j j jjxj -л]! SET 'I (Jxjvj 

(jjfkjll 4-iLli jj£! SET !! j^lji j^L с4_1а! jl! 4 _Uj-L! (_^ij .djLo jL_a 1! 4_ilii Д_с\ u-a 

(j-o .aj£! i!l (jj'qVil jLajjia (jjo^Lj jjuj ^^Jj 1 _aj 3 j . A j'aLjAll SET 'I С1з! jL jA 

a w L jc. 4_iiljuiA DRAM 4 jSjaLjj ^jljjuic. ilii cj£!i 4_iL. (_ 5 -]jV! Liijla]! aL-q! 


.^ 4 *0JJ j^JI (^ 4jj ji_A CliLjjjLJI AjuJaJ Cj^. J ^aCC. j! Cj^.jJ lg_l3 Cln]l (Jj-Ci l Lj^k aII 
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^Ic- AK Li <ClLiA Clljl£ !i!j c 4 jLII I jfij LoAlc-j .SET 4_Luj! jj ojj j^J! A Kui Лх -ajj j 

Clil JjjaI j .Uaij SjjjaJI jjjj^ll jclc. La1£ SET II jjc. jLJll ji^j cojj j^JI 

<jj jk-o c' )\ W Jj lJLa j£j ^l I Jl j .(Offset charge) 4 _iLi^L! 4 W Lill L<ui <j! .lic. jLjI! 

. jj^j V jLjll jL i'a jjj^J! ^gJc. 

cjjilLI jjjj^lVI MOS oj^ILj cjJI! ^SET — I! oj^lJ j-o j^VI ^jillj 

II Sj^U Ijjj^ j jIuj jj! jJ! IJa ^jLL .4jjjiV! CjLjjjilV! a£j^. Ljajl ^jL 

4jL^ij-q <лЛл1! AjIjjI! ^^ic. oCj^jaI! ak Lill j^xl .<-<LLtl! Aj! jjI! cj! j AjcIxI! MOS 
tl^jlj -^lj ujj^ll sLjaj Ljic. 4 j! J! 1л^. oj jx-ua AjIjjI! j . 1^_1л LjjilL 0 L 3 

. 56,55 1 jjj£ ! jJxl oLSll Ajlx-aj-o jjxjj 


SET Logi -i jjIujJj) ( jlala 2 . 2 . 4. 1 1 

• SET CjIjL ^ic. Ajjxol! Ajilaj-LI ^aJjL-ajll j-o СЛС. ^ljj^! £Э! jll (J j^. 

CjLjJjuiaJ CjIjjI! jj-QJ C*’ 1 j*\ CMOS jj jAJjuil! ^JjL-ajl 1.1^, AjLuLq ^aJAL-ajl! оСД jlaxJj 
Cjijj ^uuLajxA (j3C jlaj-o AjILuaI! ^jaL^i'iII jCaxJ <jLuJj ^^^jLj^ AjjIjS 
JLj 4<1LJ! oca ^ .Superconducting single flux quantum logic 10 AjLajAl! jjli 
^lc. J jk! Ajilaj-o ^aJjLaJ J j'W'l j .AjC! jij! CjLjjJ^IJ C j^.j ^^C- j! Cj^.jJ ClAjjl! 

. 59 Cj1,W CiII Jijl Ljjjj^l! CjL-Cxa (Jaxj jx-aLc. 
j-o jj£jjj (. jujajjuJ! jLLc. <jLjjj (Inverter) ^Li - a jLLc. jjjlal ^j^.j 

2.6 jLlxl! !1д ^_з ajjI jil! ^jj l^jLujj .Ljxjuj jiLjjjA cjii-o jjjj£l| jjjjjujjjljl 

jiSljxll .140 mK J jj-ai « jl j^- Jc. 1 j^ jjSI Jiij 25 mK 4ic. 

'CLI jj ^ i 1 j . ‘j ^j! 211 j . A V- ^ 4 jajajJI SET II JjI j! j <bjuj $. Lu JjIJlI '■ j ■ ^j' 

JLutbjoibj . jjSIxJI J 4_Liila JjIjJu (JLLjL NOR jljC' сг^ J NAND jtjall 

.4_jSLjj RAM oj£! j 4_iiA c.Lii j£-oi jiuiSlc. 


AuuiLutaJI Jlfr 4 _ijj 5 Lu> tul (_Lul£ 3 . 4.11 

Ultrasensitive microwave detector 

^с-ЬлЛ j^ixjt jic.LLo jjoi^ji i<jj— u yiil Jlili . jj jjt jj£i jjc. 

Alilil! ‘i jj jjl Aj j]l j jJtAj 4 ajjjj .^' I jj j I jjqtaj SET il Cllijjjjllj 

. 12.1 1 JSjjJI ^ (jjjl 3 J ‘■I-Qo (.g^ajjJI Ajjilii sjjj Jg.A"i i4jLj3ja]I 
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Clilc-LtjaiVI (j-e I.W 4_Li3 С1 з1_1а£ Jj^.jj Ял -jJalj jj£j jl ajji]l <.А\\\ j£-ajj 
jjj^j I л! .Uaaj Д_л^1х1а]| jjjxj Clljj jj£lj бЛх! ^laujJ j-aliA-o jjjj3 (J£ jV AjjjSj-all 

(JIaia (J-ac. (Jaxj 4_iV AjjojLui^JI ^lc. Ajjj^j-q ^l j-ol c_fljoil£ 4 jL^ j-<JI (jj li SET Jl 

• jLj ЯЛл. ^Jj jJXj-a jIjj ЯАл. j-o j Jj j3 <lajj 



.jjjjilL AjS Vl^ Jjixj AjL^ j-a 11 jjjli j jil<j jjjiSJI jjluijjljj 12.11 Jl&J 

jj^ ljUjjjIWI j-e jjjxll ^jjilll jjj*JI AjjjIUI jLufl (j^ljj t(2o = 0 си чцМЬ 

. jjj i jfl j-alualdl 


Magneto-electronics kiu^ajju»l\ JiLjjjjityl 4.4.11 

4<.jz.j Spin transport Jtali'il SjjIjAj JajaYI <>« jiiSll t^l-iA jtS 

ЯШ CjI jlUI J 61 “ 62 AjA)^JI ulLifal SET -II J OljjJilVI 

(J.13.W (jjuJalx -q j-<a jljjjjilVI Lgu3 jj£jj <L^.jjjja <L-aj liA (jj^jj L_fljjaij .ojj^VJ 
(jj'qVi ^^Э Ajiiill 4_L^ajll оЛА (JLoxJjujI JLaJ . (jjlc jjxjd j-o ojjj^JI jjijJj 

«. sLiluuaVlj ^LjjljllA jjJjjjilVI 4 L'ix <о (jjij^ vW,\l ^ uijL'l» xtll <. flliiaj-aVI 

< sLilaj^aVI <■ L-aJJj . ^4 _uj^Lxj-q (jjljjJ^AH 4 3-~a 1ж x> jj£j^ (Jjj^Ixj-UI ц^Л vwll ^ t, j]-a 'l» -all 

jV 4_1 aAVL ^I^jS L_Lqj]j£ <Lc (JLaAj (jL*j ^l) \j Ua l й jjjLII ClLyLua j]l ^Э ^g-uLxJl 
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AjjjUll <L^.jj jUI <L-ajll djLojLijA j-a4j L<u3j .Sjjj^JI ^э ^jjdlll ^£!jj ^gLijll _jLiLI 

jC. ^^Li]l fJjIill ^£1 JJ (jl J-iLui^-]Li (JJJJ cAjAjA^-]! 4 jj, jlVat a \\ C_jUaaVI djl j j (JjjUaII 

djlj <jAj.la-]l <j-uuIajit_A]l aJj^jolJI ^Э L_1aj]j£ 4-iic. Liat cUjLlJuJI ^jqj]! jjJ*JI 

I jjj£ L_1a jl j£ 4-iic. 4 qLi \a AjjouIajituJI (jiU I <aj11a jjuidiij . ^.xaS* II L_fllilaj-aVI 

Clil jjg Vi ^u/il SET II ^uLjj Ia I Ja j jjjJuJI ^qq'Jl jjj*JI Sjjjjjuj л Lu. J jj 

(jj| jll CliLuj^A 0 JJJ ^jill ^ xjjjJajatuJI (JjaudJl Дх.1 u-a ^i o-lii-o SAjA^. A_iAjjdj CliLij jjjfUJ 

. Aj-uuiajatuJI Sj£1a] 1 jj-aLiC-j (JjU]| 


Summary 


Д^£Ш 5.11 


cjjiLo]! jjjj^J^l djl j jLluj jjl jj ^э л w Jill Jliii! diLJl Jj-aUl 11a ^э LjjJj^lj 

A_iL-£3 juJI jl LLj .A_iLua ja] 1 Aiilill j 4jaIx!I diljjlujjjl jj]1 ^LojaV! ji^jJ 

^ji^. (jjji]!j ^jjll dilijjj£JV! -^Ax! l-i^. Аа1д (Jjc-Ua ^l (j^jj ojjj^Jl Jijlill 

(jjj£W! jjJC- lI^La (jAjjj .ajjj^JI (Jij]l clilj j jifUI (j-o jLiLo d]liA jl£ j]j 

jjitu-aj (jlj 4-и^э1_к tll^. ojJatuua]! jLtjVl dili dl jj^ VJl ^^Э LoIa IjjA ^jLl-oll 

j^ljla jl ^gJl IjJajj .Ail!i£JI A-Jlc. <1л1^1л diljli jjiai jjajx J jAJjoui Cil jja > J1 
ajlj^ CliU.ji Aic- ^ L'n dl^-i]l dlc-jA^-A ^Ja» /a LguujjAj (jLI O^jilxJl CllljjjJ^]yi 

Jja.UJ! jA <allLuJl diLajjJal]! ^э SET II (JLoxLujI ^,uinj]l c. ^ пя 11 jli c4_daidiA 

(ji]| jjLJjuJl (j-L ^jlil! SET ]! jjg L j^] .<jdaiL_iA ajlj^. J_^.jJ Aic. 4 \jat dn ^Jl 

^Jc. AuJli]! 4 jLaj^ll CliljlU] jj^.^ 1 jja! jxLujV I J c^^ijx!! ajlj^. J_^.j^ Aic. (JaxJ 


d£i]| 


70,69i . 


Ldjl Jijx]| ojlj^. Jj^.jJ Aic. (J-oatl (jLl Ajjjlj]! jjJj£L lJLLujIj C_lijLjl 
d jjuj Ail (j-L latj-o-N (Jjj ji-u^al dLujlLo dli d! j!a £Jjua! (JjjLj]l ^iidll ^^Э jaJjuja]! 

jli li] .Aijx]l Sjlj^. dl_^.jA .lic. (Ja* 1 SET dljll ^Ac. J J^^.11 ^)£аа]| (j a jj£j 

d jjuj A_Lax]I A-iC.1 'u-all dLliUaLi]! ^^Э Ajiloll (jjji£JV! jjLujjjl jj JLaxLuj! JjiLubo 

. 1 Ac.1 j (jj£j 


Questions JjL*a 

(JA Ajiloll jjji£JVl jjJjuj jjl ji] o j^JI LqjJViaII AiUa (JjVI ^Ju— saail ^^Э 1-1 аАЭ . 1 

jlrijl SET ^^3 ii ^pjl AiliaJI 4 ^ ^ IvU Адл—д ^ jVI • IlJI jl *,VI 

?2L.U1I Я1ЬЛ J 
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jJallLall SET !l ^ Qo ^ji ijc. I-V jljj]! Clil jW 'ia jl lij Ш .2 

(jjLuj AjlAjS Ajlic. £-q l_lqj]j£ Ajac. .la.jj Laljc.^ Q q = 0 jjiJ ojjj -л^-а 

jjc. AjjljS - jLij j«ajl jg hj Lo^jc.^ Qg = e / 2 J (^ / C^ 

.(cAj^VI 

• Ci^ C 2 J-e jlallLa JJC. SET ^ (2o — 1 AjJbJI ^Ш! 1л — I 

?<jL-a j-^]l Aijli Sjjj^. (ji SET ] e-^^g-Li]! jjijj l_j 

1 4_L-a jl! JJC. п dh 1 n ЯЛа. j-c ^glij]! JlSjjVI ^ ДЕ AiUall JJ*J L_Lui^l .3 

.Я-о\л]| ЯЛШ! ^i jLpJVI jj^. 

* Sjc. Luui .A jL^ j-o]l Jjjjli ojjja. j-o Uiij jJ*-A jjjjfUJ ^jj^. jlx-o l_Luj^.! .4 

. D\ (s) = б (s - Д) — j 6 jj j^JI cs-]^ ^VLaJ! 4iL£ ^ L» j 
H = 0 ^jc. T aJV^j A^eff ] l J»JI JjjjaI! (ji jjjjijll jc. jjj*j]| jL aj <j! jjj .5 


l + M + of^ 

8 Д l Д 


• Ajjlxil 2JLiJI J CjVLJI JiUS p„(0) J+ia. 

LiL j jLLJI jjjc- Jjla (I) ^j~\LII 

Appendix A-Single electron Tunneling Rate 

4_A^.Lj]| jjJ j jj£]V I jJJ Laj3 4 jL-o ja]| jl jia Jjij] 4 1 . 1 1 (JS ++ill ^]j ^ j^. j]\j 

Л]Ш jj JlijjV! (J -Дл-а ^g. Jax J tAjjAl]! ^g-ojja о^С-Ш lii JJ .ll^. <3JxjJa ^jqq'JI jjJx]| jc. 

j q Ajl^_j]| diVLaJl jj Ac. jja-a Л k Ajj!Hj! 


r Jt = ^53 |r *-«i 2s ( E * +eV “ e ») 


(25.11) 


jifiUa ^gjj AluUL jljjuilLa jjjj£]VI 1*W L» 1_аД £qj £k J 4(jjj^Vl A^.ja 1 g >1^ LaA CJj k 

.2 J 1 o+ijjssiyi 
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• S 9 = £*. + eV J tjiiil 4л1дС. J jaiajij AiUall jl 5 till JJJ £jLi (jojJaJ 

CjVL^JI AiUS jc- jjjaJjxiillj iiUali JjiI£j Jj q CjVljaJI Jc jJJiil (JjjJi LiiSjOJj 

: c> (J* 'i 4 Еа-+ eV -iic- D 2 (sa+ eV) /2 — j SLkxjJI 2 JjJjSiYI ^ 


r t = -m 




( 26 . 11 ) 


(ji]| ^aJjJj]! (J-olc. (j-ojJaJJ 2 JjjJ^IV! CllVL^JI 4iL£ jl Ja^V 

# -* 

jjiij c. L-^Wi ^ji]! ClaVL^JI ^j Ijiii jjixll j^Aj 4_i! jc 2 ^-^jorall jjxj j »2 (JjLujj 

jl LiJajl LljJajjSl Lij . ^aJ j^!i]l j<Ax \ Д_и1^л1 j-o cJLiA jjj] (_^l cJaifl ^Ju-aV! ^aJj-ii]! 
jc !J]j <>q j k J-^.jjJI ^^^c-lx-uj jc (Jsjjuj-q |7j ^jq'JI jjjxJI JijSj-^aA] ^Ja-ujjll jl^LU! 

•S q J Zk и+^Ш1 


— ^-ajj3 2-jIjj Я] jxjola]I jjjj^]VI Я]\_^. (JLaj^. 1 ^JaxJ 4(_£j! j^JI jjl jj]l Ai Cj 


/(£) = [! + е |5е Г' 


(27.11) 


jl ^jqq'JI jjjxI] j£-ajj . 1 —f (s) ojcULll ^JL^JI JLqj^. 1 j jLujj .(3 = 1/квТ Jjj^. 
(Jj-a^j jij .SjcLuj 4jjl_g_i]l <JL^-!I Ciil£j ^Jjxjula AjjI^JjVI ^JLaJ! dlil£ IJI Jais jj-a^J 
j-aL^JI D\(S\/) cJ-^LtJI ^JI AiL-aj iSfr ^JjxjouJ! AjjI^jjV! CjVLJI ^Loa. ^Jc £_a^JL 
i2 ^jjj^IV! ^Jj 1 .ijjj^IV! j-« ^jqq'JI jjjxJ! (J^xa •ijjj^]')/! ciiVL^, Ailii^j 




[1 -m + eV)] 


(28.11) 


I^^Jc ju-a^i l£ k (Ja\£j]\j/: Ajj!JjjV! CjVLJI ^gJc £-AaJ! jc 4_Jalx"u^Lj 
_ -00 

Г^ 2 = 7 |Г| 2 / D^MDM + eV) [1 - /(£ + eV)\dl (29.11) 

Й i~oo 

4 AjjlxJl JjUaiVI ^gi ^g-QJji CjliUa jj I jjj£ jiuual jLajV I CliliUa jl ^lj I j]ai j 

Jjjja. . 7 ) 2 ( 8 )= D 2 J Z)j(£) = Z)j (jl c4iUa]l jc aJsjjujc cHj 4 ^ L^J! Ailj^ jl ^jialjjSl 1 ii^-aJ 

I^-oLoV! (_gjii]l jjJx]! jjxA j^Jc ju-aa_j 
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7Т f 00 

Г^ 2 = -|Г| 2 А0 2 / /(e)[l-/(e + «v)№ (30.11) 

Л ./-со 

(Mathematical Identities) AjjJabjil CjILIL-oII JLa*L-iIj 


/(e)[l-/(e + eV)]=: 


/(e)-/( в + ^У) 

1-e-M 


(31.11) 


I J 30.1 1 <]j_Xu(Jl jC- JJJxWI 1 


Г^2 = 


eV 

e 2 R T {\-e~W) 


(32.11) 


aJL^JI jii <-qjILq c." 


R T 


П 

TT\T\ 2 e 2 D\D 2 


(33.11) 


a jaJI Д_4 jlaleJI AiUa Jjliiu) (i_j) JuLaJI 

Appendix B-Derivation of the system free energy 

L_iUaaV! £-a L^jLx-uj jxtn .a \ g J-aj^xtj SjjjaJ! jjj Ajj^iUI 4 jK\I Ал -uJI ^jLujJ 

: M;S3iai 

C^ = Ci + C2 + C3 (34. 11) 

SjjjaJ! ^Э 4jK\l Vix J‘i\l jj£j jpa Clil _1 ^.jj 4 4 W Ji\l jl ^JI Ijlajj 

SjLjj j)l jjjj ^jjjuj fcaj^J! J_AjIaj>JI ЯзИа L_jLui^. jj^. j^] . Lftjlj (oj-oJjuia jJC.) AjUaij-Q 

AK J‘i\I jj^j IU .SjjjaJ! ^JI SjaIul л Vix Jj AiLuiaj UjLui^ ^sl£j j! j-oJjuAj AjI jJI AjjIjS 

£ 

^ViW AjI jJI (JLoxJjujI jUU ^UUUJ! йЛА (J-Axlluij L_fl j_uj . 0 jaIuix 6 jj jaJl AJUill 

. j^uuJ! AiUa jauUu S j3 

П 2 J fl\ U Sj*j tJjil-UI jjj£WI jjlujjjl ji J-ojIaj-Q ^^Э Sj^J! Аэ\-1а]| L_i\ x *.i— u \ 

J^xJI L_sjxj J (2 J 1 jjjL-ajll JJC. \_1л\_л1 LjSij (Jiijj jJI djU JJJ^IVI La^jU 


_Ajl_jlj JiiL-£aj]l CjU-ui j-a Ijii^ J*u-sai ijV ejlc- а1л£_с ojjj^il Ajjljll AjlaL' 


470 



ф LiSjC. Ibjj .SjjjaJl CllUjjp^lVI £У* (J-^UU]! ^Лх1! 4_jU П = П\—П2 

CjbuuJI J CjLuS jill jluj'sJI ^kVI IxJ 1 t j^LulJ^U]! OJjj^J! j)J-a£ l^_iU 

:<Jc> (C 3 = C g , У 3 = V g £*) 3.1 1 JUUJ! ^ Ai>JI 
3 

^Ci(Vi -ф) = пе (35.11) 

i = 1 


i£ jj j^]] jj^\l jL^j! \ v^xtj tiilJ j-o j 


Ф = 


HLi Ci Vi - ne 


(36.11) 


ЯзЦа1! ^Jaxi j . Vg J V 2 J Vj j! JC. ^gic. j-<J! jjj^i ^] 4_Jjoij]lj ф (JjUj C 

i j! .4 j!>U]! Cj19j£-«JI J ji^. djlilla £-a^_j J^qjIxia]] U <j£Lujj^]| 


и = \т. c << v ' - ф) 2 


(37.11) 


^XJ \ iL^t\ t37.1 1 ^JjIxaSI Ф jC. IjjJa jC.j 36.11 aJj\_xa]| LlLaxJjujl lijj 


• ^ ^ CIjLiLc. Д -xJaJ 




(— ие) 2 
2 C e 


+ Л 


(38.11) 


Д_л jJV^II Я^Иэ CIj! JJXIJ Ja^3 jjJjg a Llj! ^J] I jJajj ,Yl jc. cJajjobQ cllj\j jA Л dl 
.Aij^UI л Я-из ^ijxA ^J] Д_^.1л. V tAjiaj CjIi^U 4,\j>^i\I cili 6 j^J! 

AiUa jjjftjJal \.n\c. c\ g jxi j! SjjjaJI ^J] Uiij jjjjilj jjjc. (J J^l jj^.j 

^jjLujj 3 . jU^iV! djLii] ji j-<i (JjAiUI (jxuJ! ^JJ <iLja] c37.11 aUIxU! j-o U j^-uJ! 
jjc. 'jjj j^J! ^JJ Uaj jjjifU] (JSjjj Lojjc. AjjI jill j U jja j-o jj^><J! ^^JU]! (Ji-uJ! 

Iy 4_U-aj]| 
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( 39 . 11 ) 


W, = eJ2^-(Vi-Vj) 


Cs 

(JILIjIj t V 2 = + V /2 = — V /2 (_£l 6 (j^ jL\ 'fL Jb^jl ^jjj] jk aJLsw ^ j 

!^jLujj bli-iuj <Jj]jill j-L -ла (J^JJ il 4 _L-ajll jjc. ajjj^-ll ^gJI Ij^ij jjjj^]| 


w, = — [(C 2 + C g /2)V + C g V,] 

ье 


(40.11) 


I (JxjjJI 4jj] jill jAj -ла 6 2 4_L-ajL C(Jia]Ijj 


W 2 = -— t(Ci + C g /2)V - C g V g ] 

Ve 


(41.11) 


jJL -ла 4_1a£j g^l (Jiuai]l jlaJ aj^-ll Д -ajI*» 'iaII 4iUa L-jLj*\ j£aj лУп*ч j 

1 4_j£Lai j^£]I AiUa]| ja Я£12а]| 


^sys(«i « 2 ) ~ C - «i Wi + n 2 W 2 


( 42 . 11 ) 


: Jc. (Jj— aaj t 42 . 1 1 Я] 2 1 *Л J 41.1 l_j 40.1 1 (jjJ q* (jjaj j*jlb j 


[ (— ne) 2 eQol e 

L_L_„^£ (C 2 + C g/ 2 )V 

2Lj; ('S J S'E 


«2^(C, + C s /2)V 
(43.11) 


4 i-v /;Л 1 j <jjlLa jl jaIujL JJ*JJ Jj1\ Qq = Cg Vg ^ oLjIaII AjI jJI 4 w L Ijlkjl +JJ 


jjc. 4jL т = П\ + П 2 Lijc. Jilj .4jLj CjI^. 1 jc. ^Vfi ^Lll ne 4» Wq Lll 

л^_11 ^jj jj (JIa^J ^xj j ( jjiL-a jll j-° cJ^ j^c- L^ diLjjl ^jlll ^A^-SI CjLjjj^IV 1 
• (/72 J /2 jC- (Jalabo CluL ^ll AiLjaJ^ Lj^.j t43.1 1 41^1 л_а] 1 jjjoi jLI jjj Jj^, j-Ll 


F s ys(n y m) 


( Qo - nef 
2C E 


m + n 


Сд-СГ 

Cs 


eV 

ГГ 


(44.11) 


LjlJajluiVI 4 W >« ojjjall Ja JJjilL 1 j» Jj£jj jjll 4 j j -ч *« aII 4 jjIjjoi*]I (-JjIjuII ^jjj tljLc. ^ 

^LjjVl La oLlj jLoJj • j-ajll J^j ^jc. JJ*JJ jl ^l jjj jl jLoJj t Ij jc. (Jfljj-uo jl,VLl 

. 4 jIjLI 4 jj] ja jiua 4 аь 1 jL 
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Jj® (^) <jp^> 

Appendix C-Even-Odd Free Energy Difference 


^gjl ■ cixoljj J jill (JJutlLojlj Fq J jill a jjl й I' SjLkJI j£ 

grand canonical partition Z jjSV' Ajjaill ^Ij Jaxj .(jjljjll ДЛл. ^ 

: j ajL^jaII iijUJI sjj jjJI ^glc. ^aJjoti. AjL function 


Z = Y\(l+e~^) 


(45.11) 


QjfL Lq^uC-j AilJa ^j AjjouIIj & ДЛ_^Л ^Э ^J-ua^J! Ajjuj ojljj AiUa ^ Cll 

l j j£j 1 1 ^uuLllaix-U! JI>a1I 


5* = У^* Н" Д 2 


(46.11) 


j^AJj . ^_ajj 3 AiUa ^Jj AjjoiUIj AjUxJ! ДЛ_^Л ^^3 Л^1 jJI jjjj£JV! AiUa ^ 

(jjjil! j! ^.jjll j^xJl aIjLLxa ^j-i^. ^j Ujj^. jj^VI ^g-jjjU]! Ajj^UI ^jU j*..^ 

I^jjoi^JI AjjJj cUjUV 


Z =( 1 + 4 ?S 


й -(35к е 'Р1/ 




1 


+ (E<- fb + *EEE 


e -P^ € -P5 ig -|3|m 


тфк,1 


) 


( 47 . 11 ) 


— -^even “f“ ^odd 

(jV ^-Laia Zeven J ^odd j-**UJ tlJjlj й jjj^J! ^gJc- CllUjjJ^lV! jl£ IJjj 

(JUjjV! (j jjoj Aj^jI! jjxj V j .с1лэ jl! ^jjiaj ^ U j^jj j! j^aj fp **)>'! 4-fUJ Лзаэ jjjjUj 
^jjl! oj^J! AiUal! (jj3 c_Ajxj !U .fijjj^JI ^Jj jj^ j-Q ^aJjai^J! AjjJJ ^liU! 

iajaiI! ^jilL^J l_j j-ui^-UI o j^J! AiUall (jjU (jjjil! 


Ғо = кв Т ln(§t=) 

\ ^odd / 


(48.11) 
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A-uaikLJI AlC' /^(Z} — i! l-uj^j 


.IjjI j^. a jllLo CjLajx*^. j^j jl jjlill (Ja t4_jai^j-UI ajlj^JI CjL^.jJ Aic. 

*C5^J ^even J ^odd сИ CS^J^ jjj^II ( 3 *^ l^ 


Fo —kfiT ln 


E' 


,-M* 


( 49 . 11 ) 


^jlll p.v(^) ^.>^>11 CIjVL^. Ai\j£ (JLa*I1ujIj AjjIjxiLujVI i--ljjij jjjiajj 

: ^lc. t ^aJ j Jjll (JbL^jl j^jJajj 

•®° 1 

( 50 . 11 ) 


rOO 

Ғ 0 ъ-к в ТЪ 2 V/ / Р,( 6 У М ^ 

4 o 


c_jLuil^V ja jxj 4 ^! l_ijL^JI ^Ic. 2 (J-obtJlj c 4 _Дх-£з jaII Aijlill SjjjaJI ^ ja V/ <jj 
‘Fq(T= 0, H) = (Я) cjl £Sj^J! j-Q j *|A:| > кғ j |A:| < кр cj^ ^l lI A - qhj>I I 4_uj 

4 jix^all SjIjj*. -L^.jJ AiC. SjLjj AiUsa ^jjl ^ic- jjfLi L-Sjjuj <J-j j-o ^^jljj Lo jV 

j-a jjfLl IU . ^,a jlVljr-all (JL^-aII j-saaLii-Q £j\j j c£ 1 q (H) <JSjIa]l 0 J> q H «^JC. (_^l 

;W 'Jlill jajll Jc. 50.11 yjUJI Sjlej iUJ 


Ғ 0 ^ —квТЪх 


e -j»ne 2 V/ f Ps (£)e-№- nc) d£, 

Jsic 


— — к В Г ln (Wefl') 


( 51 . 11 ) 


ЛОО 

A^eff = 2 V/ / р,(€)<Г р({ ‘ Пс) ^ 

- Йс 


( 52 . 11 ) 


£1с/кв ln(A^ e ff) Sjl jaJI -U-J-S jjUJ Jfr jLal l (je MjU) 7j) « -VJ W-^J 

• 2 e— e Aiaiill 


<uilj.3 ^Лс. . p v j 0(; JJC) (J u-a-j 0 >> мЗ-| 1 а . . al ' JUaII ^jc. JV e ff j Fq -iLaJol jl Jaa-V 


м 


.26 ^ajall J jll (Jl 7 . jl' ^jc. Aj—JI (JjC-lLa jUuol 
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Ғ 0 ( Т) — J ‘LatC' AjLLud uLuia. 

jljA <Jjo 1 Aj^. J ^ 1 1 g 'lxi ^^^lc.1 jl T (j-G 4jJj3 T (jj^J LqAIc. 

Aic. AAAj (jAjiil ^.^.jj]! aj^JI AiUall jjji L-jlu^ Ajxjj ctiilj] Ц 'njVi . 1_a^_a ojjj^JI ^Э 

^Э 47.11 Я]а1л_а11 ^^Э <j]\jtll Vjjj-U1 AjA^. Ал.1 Inlc- 4(JjjU! IaA j-o Sjlj^Jl J_^.jA 

AAjliil O J>^]1 (jji 6 J-QJjolUI <Jjo 1 ajlilA]l CllVb^-]! ^ ,WV 4 L-j\ i. J*4 II (Jj^_ujj]j . (jl Ui.l~4.ll 

* 

^ja^-o Aj1j£ (j£-oj лУп*ч j »N e ff J^Ujl 0(7 AiUa]! AjC- A^.1 j (J jJjolaj AjIl -я j-UI 

i^gJUll j^jl! 45.11 aJaLlaII (^jj^Jl Vjj^Ul 

Z — ( 1 + e _ P nc ) JV «* (53.11) 

Aic. djl aj^i~ 4 jl j^, c qj» l>» ^iaj (JjLqj aJL^. ajjj^Jl (jl (jAajjijj 

. diljjjj£]yi (j-o (jAji jl ^_^.jj AAc. ^Jc. Lol (j j*Wi (jl SjjjaJ] j£-aj tV=0 

^ ja^a Aj1j£ Лж^ч IV^aj 4L Vw"i jl 1 ^j 3 AjAjill jl Aj^.jj]| Aj,w" (j^-aJ £jj-a (X-iJajjj 

: 36 ^11j] 1 j^-j]l (^lc. ^j^JI Ajj^lJl 

[(1 + g-poeyv* + (1 _ g-pQe^drj 


Zeven ~ 


(54.11) 


^odd — 


[(1 + e-P»*)** - (1 - g-P^jAi*] 

2 


(55.11) 


:^J 1 j]! c_jjjij]l (jAXjjjj j! ajLUI (j-o 44 )УуЛ оад Aic. j 



(56.11) 


LaAic-j 4Ai!iL*JI оЛА (JjJadj - |a[ « Ь J Ь » 1 jjfLl LaJc. — _yk j 

: Jc J,^'.i /V eff »1 j e ~ 1X1(1 «1 JjSj 

(] +e -POe)AU «eWe^-pQe (57.11 > 

j 

(1 - e _pn<J ) WefF «a (58.11) 
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Zev Cn ^C0Sh(7Vrff€ Р ^°) = COSh ((N^)) 


:<jU£ ' liS л\ lilljjj 

(59.11) 

j 

Z odd w Sinh (N cff e~^ a ) = sinh ({NJ) (60. 1 1 ) 

‘48.1 1 aJjUaII J Zeven J Z odd 

Fo(T) f* k B T ln[coth(jV e ff6’~^^ G )1 =k B T\n [coth{A/qp}] (61.11) 

^Jajaijl! J^*J! (A^qp) jl.Vu\l (Jjaj . jij-al! AjjILq j!jajjujLj j-iaSljjj aJifcj 

.4_ilx-ajA]! Aijlil! cjj j^J! bj! j^ ojliLJ! cIjLajjoi^J! <jjJJ 
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JjudC ^^j\j]| 


j^il AXuajua * AjjjU ,^Jy 

Semiconductor Nanostructures for 
Quantum Computation 

п у 2*4 JJllu 

.IjjT AjjXa HjjT 4juIu. t 4Jl]sil! jjjjij Cjbj^ajllj f ' Jalll ^i£> j fbjjill 


A_uujiii AjjjU ^jjj 1.12 


Nanostructures for quantum computation 

jAlia-Q jxcn CljjjaLijl j c .Tj'qx'ill j jjlalill j-o A_illc. <L^jj l_JJjujI j^JI \я h 

(jUI Л vwll 4_1 ujj^J| ji jA La !(JljjaJ! ^ jla Я -o^^Jl j-®J «LfJjiiJ LjiLiujVI AJajuiiVI 

1 Ag-oi Cliljji-Q ljj^. c jjkL/l ЛЧж II .AJbJ A_1uj j^JI ^^lc. (jjij]l A 

(Algorithms) LjLi-ojjljj. Jjjlaj \ g i-a cojiajj b jLi4 <jJajii-G "A_1 aja£ L-lixul j^." 
A_u\j jiS luI jjjJuj _li_Wjj t Aj-ojj^\I g.\ Li^VI ^-i^-u<aj] lIjUI jaJ £u-a jj cAj-qja^ 

j-ifij • L5 -l*i (Quantum computer) ^j^ ljjjuiL*. ^ \-e-lL**^ J cj^ ‘Lif-ij-^ 

AjjujLia jVI Ajji\_i]l LlL-Luaj-o]l (. fl\ ksi il ^jj ^Э (_£jji]|j (^JJJ^L/I ^JJ^-Ul j^aj\ »-о*ч 

cJjLubUI AjLuU j^lj^j ^aJjjj juaj\ »/i~\ ^Э . <J-ojj^I1 LJJjujIj^JI ^Э jLo*JuujU I.W 

^jjuuajll Ajjili Jl Aj1ax]| Aj^lill jj j-LliJj cAjjja^II L>j\-ii]l Ajjlaj 4jj£j-UI 

.Lg_lA-ua 0]btJj \^J3 ^uJajjjj jl ^aJjjj]] j£-oJ 


^ * Michael E. Flatte, Department of Physics and Astronomy and Optical Science 
and Technology Center, The University of lowa, Lowa City, IA. 
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L_11ujI ja_\l \^_}Э Ц-З jC> J-Ll (J-aj\ 1«Ол\1 jja JXJ (Jj-aall 1 ЛЛ (j^JjulJ L_fl JjuJ 

Ajjbjji]! l!j\ jJa'A'l ^JJ (J£iij .Igjlij] A-qj!jI]I ojjj^]! J jg *ч\1 (Jj'xj' tilli j lAjla ja^II 
^jJxjj . С 1 з\_А 1 э! 1 а]| оЛД (jjiaL ^Э jj\j]\ ^ic. jjJ ^ijj 6 4_1 aja ^]1 4_imija_il CjLq j)om\ 
4 y i' j«4. \ 1 j t \c~- j <'q*n.%\ 4 l^aa ]1 4 j*l j jjaW jj| j L >\ 1 l о i -^> j ^ ^jj . У*Л 1 j .^^1 l -^>-v ^_]| с ** toM 't 
Cj\jjjj£"j! A_Uij-a£ Cj\jj ^lc. j jkl ^j]l djLajix-a]! ij]]j jAjJajjj .А_1л jaS \1 

. A_ioj-a£]| ClAjl jj]I (J\_axjjuj\j 4 _iaja£]I CIjLa jL*_a]I аЛЛ 4 _зЛ_х-о ^JJ AiLjaj L'qbits 
^lc. jLajijj \л Uj! (jjLaL^ jjalji^l ^Jc. cJj -л^]! 1ЛД j-o jljJaVI jLxiaLa]! (J j'Wj j 
^LaIaV! JjVI J£jj . 44ii]! 44jjLi djUjiaiA Cjjjj^]! ^jjjj (Confinement) j^^ 
Cjlji ^ (Jjjill ^Jj* 2 La]I JJ J^-VI (JjiaJJj 4 4 ла ja^II Jalijll ^З jjjl^JV! ^aljlj ^ 
Lo 4 _ia ja <;\1 ^\_JjuJja_]] Я -j j\jk'l\l clj\ Я );k\\l j! ^C. jJj . j j<sj\ad \1 ^Э Aj-GjJaA]l jjjjujji]! 
jli i jila.jjiA]l jjlmll Lil£ jc. 1 jjj£ l <a\jV\ jl j^Ajj t£ fll j]l jla jl jc. SCjxj dill j 
.Lj]£ ^aja£ ^^JjjoiLa. jbjj j-o AxfljJ j£aJ La ^Jj— ajJ ^gJc. CC-LuiJ L-Ajjuj Lo^ij^aj 


JjLuJj'jI 2.12 

Quantum computation algorithms 

diljj LaLaj 4_9jxa (JjLuia 4_aj jlfl iAj]La_ll l_iiiuj! ja_ll 4_jlii] jjL^Jl ^\л ‘J1 ^C-jj 
AjaxJj 6 jjuoLja (jixln \,g \a Cj^xJIj .LjIaC. L^llIajujljJ (jaJ! 4_ixu-a j! 4 \\ Vu*ia (Jjj^ AjaAI 
(JaVI (jlaljC-V j! 4 Aj]La]1 CIiVcLia]! AjLa^. jlaljoV CjjVL-sajVl LjjLojixA 
(JjLuia]! tdij jAj . (jaJI 4_ixj_a AjjJaLj j jjLuiA ^^^Jc. ^ jij 4 jax j\l lIjLia j j! ja. jA jjS'l 
^gJJ ajJJ^il jl^C-VI jjlaL LaA iAfljjxA]! CjjLiAjjl jaJL jVl \ Ag \л j^AJ ^aJ jljiLuiA 

Jj\Vj\I lIjLia j j! ja. L_jLuia. сЛа jjjj . <j! ja JJC- 4uaLV jj-ajc. j_anj j Д -ii jl (^а! jC. 
.ц \j\Vj ^^э l_j jc. ja]I iCxil (Digits) ^Ljl ^лс. £_a \jjuj! LJU. aajjxa]! A_ii jl (j^! jc. ^Jl 
. Ljajuj j 4_^_jL]l jj-aLic. c. L-o'i j- (.. '\)а"пЭ Д_п ja JJC. 4_aLV ^^Э jj-ajc. jLajl La! 

(^а! jC- ^JJ ojli^ л!лс.1 jj\V' Aja j jl ja j^AjJajj (jl]! Shor Jjja £ jii-o (jlA л£] 

'j (j£— (jjjfkj Jj' 1944 J (Polynomial time) ^ jiiS (j.J lL 1 Aj]j! 


Да j-Ul t й 4 а]| jj (Jj£j tLJjlij Cl (j! j (JjLujj 4 jjlaj ljjC-jaI! JJxil (»\ijl JJc. jl ^jualjjaL ( ^ 

.(^ajjAll) £ ~ П° ljjI^ IjJ 4 -jJjJa, jjj £ j ~ ljjI^ lij 4 _iail JjSu (JjViW 
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• 1997 Д-^. jiqAll iGrover jSjjc. 4_iAjjjdl j£-ol j » Ajaja^II 4_iujj^A1 a_iaaI 


j. wll Lilajajj (_£j L ujJ 


j i 


lUxll 


L>* 


C-lc. q 


kij 4_ii ja jjc. 4_djV I jwVtc .Idi 


jc. j-o 4_i^LiiA SjjA j,(i.)ja j jl jdll jJilA j-Q (jillujjj . ^j£l! LfcC^xl ^^^xjjjjI! 

.(Quantum principle of superposition) ^j^ll c_j£I jjll l-if* ^ c^ja^J! JjiKj ^ ' l 

.* 

dj iLlojjlj^. jj^Ja ^aCc. ^aC-jJj C jjllo j jl jdll jul^-1 4-alij-A jl^jJul -IxJ LajS dl^jJ^lj 

SCj-W. djLiojjl j^. c__flLujj£lj jjljaljA jjj/^l Jj Lg 4Ajajax 1I j-aijj d. 1).W (j jkl 

jl Aj jlxJI c. UajI jjJI j^ajl >/т\1 4 _iaja^\ 1 c. Utul jjJ j^ajl Aj jlU j^AJ 

.» 

^jli 1л1 .lAjIaJJJ jill j-ajillj 4 j-gja£1I L_JJjujIj^JI 4ujjJ (jill Ljj(j.W*Jl jlaxJ ^uCajJ 
L_alLjj .AjjLxII j Ajaja^II l_iiuj 1 j^ll jjj Lgjs djli!>L!kV! j c*i\g Д jn\l 1 ^jj Lua 

jill JjLlJ! jj Д-С. J-Q> A.1 D j-QJA <AjL«_A .WL Я11 jj jA J^ll t ‘‘* \W j-Q jjLxll L_J JjujUJI 
cIjLL ^aji ^jc. *Lu 'aiK^ Aijjlaj L^JIxjj t"l" j! "O" jjJAjall j.wj Lg_ij LkL 
AjIaxII Ajjlxl! l_JJuj! j^J! ^.)a> Aajxj iLxjIa .4_iAjj!jdll ^^^.Э ^CiJLx-<Jl Cc.!j3 LaI .jjkl 
idjjL-ajA L-flL-ajl jj Д-С. J U-OA LgiLj^A jl c" t.)*4 j-Q l^-AJA^\l C-Jjjl ^.)a\ 1 ^jc. 

^gJc. j jlaij Lsj3c ^ \я a La ^kLia ' jg-AjA^\l l-jjjujLL!" ojLc. L! . j^-i 

jA-ajc. j t A jaja^H dulli . ^g-AjA^Jl tdjjl <;,) aI1 cIjLajLlaI aJoj! jlxJl 4 uLLx-<J1 AjLL 

jjjjj-AA julLJ ^ 1тЧ II L_j£I jill 4^^-A JA^Jl L_JjjujLJ! ^^Э 4_1AJA^\1 CIjLajLla]! 

tiilS tjj Ч& "jjjjjjjii" jiilL. J jL j .|1> j |0> — j u'J-° (Eigenstates) 

(j ^Э jjLj jl CJjj,)<J 1 j^A )j . dVl J1 ^^jljjl ^ 1тч\1 J_AjIaj-<Jl L_j£ 1 ji jaIiuj! j )*j‘a )ЭС 

lal 2 + Ipl 2 C'n^ , сф = a I0> + p ll> a_i^j-<JI Я11л 31 jli^ljj jill jiilLJl l_j£! ji 
Igj'c. j Jjdi jill idli I jj!i£ jjii CIjLa j1*-a (^gJc. clujjill j jidi ;1 лаа 1! du^. j-oj . = 1 
<^JLxa1I LaI . \»ja> l^ull (Jjj^ajll £-id ^_guft ja^\ 1 (jjjLall c!jLcj.w a jl VI iAjclxll diLI 
."aja ja^II <jjuj j^JI" j-LL3 a i.)x a a_ia j jl jdl liij UjIjjjjSII oJi^J (Coherent) +J=ul jLJl 


cuStj^t 3.12 

Superposition and quantum parallelism 

iJjLouJI >. Jc otLuj jl (Superposition) \л±*\ jS«j 

aJIj jVI -a I0> + p ll> j-jSIjjII ЯЛл. J t+j-ijjiS LL jl jjajjii 

* f 

Clull oCA ^jc. Я11 Л juki A -sjjj La! .A_ia JA^II dull ф dujk б.Ғ(ф) c.W.!j jjxIIa! 

I^IILIaJ jj£i jl j^) J^. C “ 1 ^ (-5+ 3 Ajaja^II 


485 



а ехр[йсҒ(0)] |0> + (3 ехр[шҒ(1)] |1> 

о2д <aj 2 ^-+ Q J) ,Q ^ Clull оЛД ^lc. Sj-a (jjiaAi! 4i!.2! ^j^. l£ jp*vj 

J^j ^lc. J-<bjaui !2 a lu£! jll! 1л1л ^j-ujjj j^Ajj . jjjj^AAl! (J^lII ^^Hajs llii£ Lic. aJIlII 

.а = p = l/2 (1/2) £a lijl jj£« 1 a 1 ! ^ jill j-o l_j£Ijj ДЛ^. ^i 4 _iaja£ ciu п 2 >л jj^A 

JjlgJI (j jl jjII IJa jl (jjj !2 aj .2 n -l j 0 (jfj ^il Ьиэ Л^.1 l-jSI jjII IJa (ji ! jj 

. e jill cilljj L"luljl AjtjJall jil .Ac. jjjA Lu\u\_uLa2 !>Ь1л Lxj Jj-uJ ji J} j! + 
CuUjixJI j>A Jj.W a $. ja. (Jj-u (jub^ j£-<U V t^-AjA^\l (jJjSll Ajjlaji lla j3 
•*VI Jj (JjjLil! AjIaC. ^^Э lilii CjlAjixAil 4_Ш LaI .4_1AJa£ 1! duil ь\ j'i-\a\I 

tillJ j£l ty Ю> + 5 ll> jj*A l_j£I jj cjlJ ^^a ja^I! ciul! l_j£! jj (j-jba j^<u c-UaLama 

. LjV I Jj £JjJaJ < i j-ui jjj!La2! -Lg jiaJA jl_9aaaJ jjJii! jjJajui j-U! jjj jA I L^,! j jl ^ j» 1 

^ ciujjiJ! j£j ^ Laj JiJ iAjlLoj^.! Sjjjjuj (jjLil! AjIac. j! tillj ^Jj c_aLjaj 
4 >j'Vi j-Gj) Lg-uiLa 4 >j'Vi ^Ji jj j^-aj V <jli tAju йЛа1-*11а j! cy Ю> + 5 ll> l_j£! jll! 
o jLc-j l_l^j <j! I 2 aj .U£ Яз j j*_a LuliuVI ЯЛа21 dul£ jl ^4_iAjj! jaJ! 

L^ua l_j jc j-U! ljLq j1x_a 1! ^aJaj ajajj! ja. ^Lu ^ j! clj! ja Slc. luL-l^J! s.! jaJ 

• AjjI^jI! jL'ull £ JJAA J I I *v 


?(Ja\^1Lj ULutm-j! j^AA^I j-Q jSL ^2 lij ^AJA^\I (_£ j! Jjl! ILa (j-Q Sjjlill Lo jij 
<*2аЗ iyliiA -la. .AjjLxi! AJjjj jaJl (_^ 0 <ili£j OjiiU LUXj-ail j-Q LuLojixAii (Jjl jjj ^LAjuU Ajj 
Llul£ jl .Ди!и£ j! ojjaaa (Ja* 4J j! \ Ag 'lA (j£J j^AJ jjg ~Ч J Lulj 2_пЛ» A ^j 

t"Lajlj" ^l 4<j\j£ (Ja^J j^j/!j COJjaaa (Ja^J \,£ Jg Л J -la.1 jl ^ 'l» Aj c'L Aj\ a. a" <*_1аМ! 

jl Vj .бЛс. (jj^jl! JujLla ^Vi cAj\j£ j! 0 jja-a j^,A*Yj jjg ~Y jl! j! ^ 'l* Al 

. )Удэ a-ajL-o <*2аМ! j! L_ij*j j! ^jj l!u£ 12! <j.w a jjc. jj^j ^2 a (juLii! ajIac. 

^э <j\jil! 4 ^,jj bjjmil! ^-^j Ат1ла2! jA \a-+jl c_ij*j lIu! сМа^1*_а11 o2a ^Jj AiLjaji 

* 

(2-a^j .<j\u£ ^! ojja-a jL\, a*yj Д_4и! jl! <*2аМ! Lg_^,j jl£ jj C_flj*jj t4_Ajlu2! <*2аМ! 

Д1! <*2аэ duL^ jj -^j^u j£-LAi! (j -лэ 6 ^_A ja^\I ^lLti! ^^э Lol . luLa j1*_a 1I tiilj 

(jj j\ji AjIaxj ^ jij \uA . o Л^.1 j j-aai AjIaxj c jjg y ji! i>l£ ^j jJajll j j J jA 4 my 

o2& ^-ajoU . j^.VI Ал. jJ! j-aai ^xa jjg > jll -IjJ j-aa-al -lajljJA lu£!jj ^Л> бЛ^1 j 

* 

$jj£2a 1! ji2! lIu L^j3 (JaxLouj cDeutch-Josza I jjoija. (jiiuj-i AjAjjljiu iLjial! 
a = j\^j t^jL&l! a^.j ДЛ^. 0 j to jjx-all 4_а. j Я1\_^, ^^э 1 (jjLau jl£ !2\i . LijT 
jjc. jjla (JaLc. JLaA^ ji*_) AaMjoJ! ла2! <*2аэ Д2\_а. ^^э ^ j^2! lLu Cm\£ t|3 = l/2 (1/2) 
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(I0> - ll>) / 2 


:4ij| jll 4х ДЛ^. 


(I0> + ll>) / 2 ( 


^jLolij 4 ji-oll (Ю> + ll>) / 2 (1/2) ,*-л ^jljV' Яа -uJ l (Overlap) Ji-lii ^jLolij 
j-o j-uxa^u Lgu3 L_JjC.j-«il CuLa jLt-oll (j^lyLaujujl (jl . .l^lj]! AujLll 4 jjnll (J^ljj 

j jc. ^unajjl j^. (JLajlIujI (_£.J <L-aL^Jl 0 £.li£J (Jja^J j .Jajl jIaII (jjjLi]l (JblA. 
j| ^ l.*nWi jj£l LoA (jjjl]l jnj' 0 J jl j^Jl j^nLb (_5-2 ^Loi^JI лЛас. (jl ^c-jj ^jj-'ij 

Jl 

. Jl I L5^ lIIjI J -Л O^c. (_£^jaU 

4_jaj-i£j| Jjv'i JjliUale 4.12 

Requirements for physical realizations of quantum computers 

s= % 

CuL* j jl ji. (j-Q I JJJ^ ^ JjujI (^A C5"^l J^" \)ь J J^Jl LuL-ojjl J^ J 

^oj^ l_jjxjL^. ^ n-o (j^xuJI (j-Q Ja (j£j Aujjjau I jLSal tAjjL*JI l_iiujI j^JI 

л 

5 Lgu3 (J-a*J-ujj ojji_uxa 4 _ia j-j£ L_11ujI j^. Ял -JaJ Jjajj (jVI (^jl^. ^U/^j ^sl ?^Д 
Sjjj^]! Ajaj-o^I! l_iiujI j^JI (_^ 4'm^k Jj^_a. (JJj (_^1 4_a.La. 4 _a1j cJaia luLujj^ 

tAj^Li* (^Jj jJX-uxa j^_9 -\)Ьа ^-qjj£ LUjjuiLaJ J-qJ)>JI LuLujJ^]! ^ЛС Lol .4 j^-axj 

La-q jj£! ^^л] 4j]j1 (J-o! jC. ^ll (JjlVJl Aj-ejjlj^. L5^^ ‘jjnj^ 10 5 -10 3 J^k ‘ч9 
a_iujLuj! l" il JLaj-a Д u,i,a4 DiVincenzo jjpjuua (jj J)Li jil .(jjlc. lujuA^I ^gi-ac jA 

: (^A c (^_л j-a£ll L_J jjujL^J! (jjbkjl 

.^^juj j-q jLnj 4_iuijJaj (j^-n (_^J]I j-j£11 lIuI] L_fljj*ull .ii^. ^Ljja (JAaj ^l^ 

j-a^ll u_j jjojL^J! (j^- cuLLjj<;\1 AujIjjjV! luVLJ! (^Jc. ojjixJl (2) 

(Jjjjoi ^gJc. 1000000000.... 0000> (Дпа (j-o ajjIil! Д_!!_а. (j-o (jjUajVL 


.(luL! jJI AjL^ujujI 4_lojl ^) ^jjouILJ JJj jL (Decoherence) J^j! jj ^лс LaL (3) 
j-QjJajj <J-oj-a£ 4 jLc (jl .liiu (j-Q (j^-<n L_aIc. M <J-oj-a£ lIjLI jJ <C jxi^xi ^4) 

.4_1AJ-j£1I LuLu] 1 (j-Q <C JXl^Xl 
.Ailx-a <j-gj-j£ lIjLu (JjjL^ (jl^-o) (5) 
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£_uija] 1 (jLmllj ^jjuaLUl . A uixAll С1ЛА1 э1а]| ljLU x^ijVI (jlaxj Laj3 j 

(LIja CjIIa (Л X>»lj A_1 a ja^II CljLiJl j)A IjUrti JJJ^ jJj^ll 4_iaJjl jluil jl Jijjia 

Lol .(aLAjALfl ^ JjJajA 4jjl_ul^_]l dj\, )1 a» 11 £.1 jU j)A j^-OJ (_ 5 -JI 4-lAJA^Il djbl jJI (jxJjJ 
JJC Л -lAJA^Il ^ Пи)1 J^_ii A_ 1 ujLujI Д K J)A (j'lAj^ (3) ll)a"lAll JJ^AxJI JajljJI 
Analog (j jiallj c-jjjojL^. jA ja^II ц -ijoJ^tti .<jjUUI AjaSjII l_iiujI j^JI ^ Sjj^. j* 

L_J jjjjL^-11 (^Э Ц \<Ь*А tiilj (j -0 I JJj£ JJ^! j! jj LjUl^jj (X-A j£i ( jA J^_ll c.** 1J*\ (jA 

jjjjj] j3 6 jlc "o" II j'l" ]l (JjIIj (_£jUU! (^a3j]I LJjjuiL^JI ^3j . (_£jUU! (JjIaLli]! 

* 

jl jjAjqll jjjl^J jUiALUl jnnl jill (^i diljliil] j^Aj j . jiiiilkA jiijjU j^£ 

(jl .l!ij]| (U]j j-G 4 Uli (Xluxa j^AJ xAlll Ld]i (Jx^T4J LaLJCj . 1 Ag i J \ AjJc. (JLlXJjoAj 

^Э Il^. ojjIaliA lj! jjVi (JIaxIuiI (JjjjuJail j уй jl£ j]j t4 'i^aa А_ДаС. Ua^J! ^Jau^aJ jj 
(^Jj 4 m a LJJ <ajU Я1э1 ja]I й jLuiV I S jj^. (^jJjj CLujk ^LIja ljL/ 1 *.AiVl£^ ljVL^. 

. 4 j* 11 tii]j oAic. jtLU 


(JjLi jlSJ (Л^С. C.^ 1 Uj.I1 1,\1a 11 *>" П*Ч jA Ig -Suli j^AJ LL t Л -lAJA^ll LjLiJI Lol 
g.1 La^Vl ^Jau^aJ LaIj . Ajaja^H lIu]] jjjjj^Ul jjj]l_^_ii l_j£Ijj]| LjUajuijA 

(ГП -cuA'l (JJ^. -^Э CLjijqx'lll oLA jj (йС. JJj . l^-ulLull (^Э l,\l'q» > 1 Luil AjIaC. jg -Э LiA 
CjULuI^. £.UL/ L_fll£ jUL Jajljj]l (йЛС. (^Э ^Vli jl j^AJ C-LlxU ^JJiuaJ LjLlAjjl J^. 

jjjL (J£i .lUj (j* (Jsl A_1 aja£]I ljj]I LLxk (JIa'iU (J*_^, j£U Ilj (^^JaLUc.! (JjJa lj! j 

. (Ujjkj^ <jljJ AjIaC. 


XOR jj?<ALIl jljaJI S jL £ jlj bliJ 1.12 Jj-bJI 



Ljljll jJI 

JjV ! jJI 

0 

0 

0 

1 

0 

1 

1 

1 

0 

0 

1 

1 


jjaj jjj ^3j .4 _iaja£L1j AjjUU! L_Liui!j^_i! jj j^i (jjjj-uia ^4) \ il A" iaI 1 j 
(^jxaj "Д -olc." AjIaC. (^Д XOR jjj-akxi]! jlj^Jl AjIaC. jl AjjUti! LJJuilj^J! (J_ajl 

1.12 (Jj^JI (_£jj . jjiU XOR AjLc. jj AjUjU! ljUa j jl j^Jl ^Uj j^-<^ ^jl 
cAjaja^LI <]L^_]I (^э LaI .AjjUU! jjj-xakUl jl jjU! AjLjU (Truth table) 4 qj^Ul j j. 1 ^. 
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ciu п \ i aJU. -Lxi^j ^ jhbs-xA l_j A_LQ_ j^jl jliicl j£-<ua 

A Llll^. if=A i j А_ЛалЛ (JJ-QJ t bjJab j J . А_1л j-a£ du n S f Д -ijl^Jjl <]L^. £-а Л_1л ja£ 

AA*) (Unitary) Ajl^I j jj^J jl c_j^j I j^\ c . nxn {j* <jj£^> 4 jl£c Ji jix -ал 
^AVi ^Jll лс.1 jSll (JLdxJjojbj . (identity Matrix S^jL^JI 4i jix^<JI jl aSj! A^ll 4i jix^a 
<luAjuii Д_л1с. A_ii^.l j Ai jix-a-a jjj£j j^-aJ 4 jI jLfc jj]| AjL^.I jll djli j Я х ^-a \l 

loLc-lll] liij CliLijjjill j-o oL^,l j (Jjj^ji j^_i i." п*ч i oL^lj dii jjS diULoc. j-o 


A 10 > + P 1 1 > => у 10 > + 5 1 1 > 

c4_iaja£ XOR Л_АаС. jjqVi A_ii_ij . jjjlil jiijjj^l Aj-oj-oS XOR С1з1-АаС. £-а 

2.12 (JjL^JI (jijjj .^j^AI LliLli j (J^.l1I lIjIjj jjj ajl^.I j л_Дас. ^Ln ц -^j 
AjjAI V t 4 Ug j LiJ ^ j^JI ^Э ^JjVI LjjII (Jjjj C(JjL^JI 11д ^Э .tLili (Jxal LjUHjVI 

II AjIaC. ^cjU ^Д AjjUll Llull j . (JjjAi'S AjL^J jll <x_niall ^^Ас JaLi^AI g-lV'Vu/iLi LgJ 

jjL jj 4il Ajjjj£ 1I LliLil jjll jj AaIc Яс. jjaj] Ua.ViU AujI jj LVm jij .XOR 

XOR AjIac j-a 4 jjjj£ ljLu^. LliLi-ajjlj^. (jl e.\jj j£-aj 6*aL^.lj]l Ljjjj£1I LjLAaC 
; # # 
dJxJtUl I j! 1 jj ,c n Jal ClllUl jj JJC. dllj dlLuijjl jl ftljj Jajl j£Lj c ■ 1аДЭ <jjja£ 

• Ljajl 4jjlj2l tl AjJjjS CjIjLiC. 


LwjJ jj-aLi jlj^ Lljj ^ jlj 2.12 JjjJI 


JjJ\ cUI 

Ajjlj]l CjjII 


£■ jaJI Cjj 

Ю> 

Ю> 

=> 

I00> 

|1> 

|0> 

=> 

|11> 

|0> 

|1> 

=> 

|01> 

|1> 

|1> 

=> 

|10> 


*tL A ?r!J^ JLxluil 5.12 

Spin as a Physical Realization of a Qubit 

|0> jjljlUli . 4 -Jq a a£j| CjjII LjaJa LLiLoj V 2 <jjjJj (JjLuii (jLll sJjjU' J 

JjL (Spin-down) ^JLj-^jJjj (Spin-up) (jjlc-^jjj ^JLs. (jlial jj ll> j 
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JaJjJ Я_д1с. 4j-l^.t j Ai ji-uaA s-Lj j^AJ .( JllftSI (Jjfui СЗ^* ; Z JJ^ a'! Ajajui^ jj*_A JJ^-Q 
. ^Jjjjll ^^lc. ^jIS cili-oljjJ (JLajLLujIj A_1aja£ CllJ 72 I JjjLgjj! j AjjI^Jj! j)jjii^jaj (jjj 

:aj1\j1! J_aL*J! Sj\j*J 1 Laij ^aja^'I ^^jjjIaI^J! jpa Д -aLc. 4jiU j Яз jIu^a <iLjj (j£-ajj 

A = exp [- (2я i /h) J H(t)dt ] 

jjLqL^J! ^Ljjj ^jjjjjl j)iijjj£ j! SiU j Cjjjj£ ajIac. jjVi j^Aj t jij 
j! SiU j Cjjjj£ 4_f_lL*_A a_Aac. (ji! jj j .5 jL^a'! Jjjbjjill CjLjjUII ^ЛаИ ^L jjill 
. jj£! j! jjjJU. jjj iiUa (_з ji L^j3 jj JjjL jja 4 JU jUU jjijl! 

UlJC. SlaJ j CllJjJ^ 4 j1a*_1 jjoiLja Ljun ^^jLjjS Ajq'n 4 _a j C(JLa 1! (Jjfuj ^^lc. 

(jjL-Llj z jj^ aII (JjL B ^ * jLa j» aII jLf-ULi . tiUj Lajjjj dijjj^ll jj£j 

ijilj jc. L il'jVl |0> (J jlxl! - ^aJjjjl! <1U ЯзЦэ jajkj L_fl j-uj V 2 (J jU*JJ 4 _aJj.L ^J^i> ^^lc. 

jA hj 6£-UaL*JL ^^ajaj La jA g Llujk t-^TrgSja# B /h j!U*j Ц> ^ , 'U' t— ^ jjIjII ^^jII 
<1 ^aU Ln\ ULi> AiUall (j jLij .Bohr Magneton jjj jjjix-o jA (j fi j ttiljjL ciuL 
VLa jfi*j ILaj .—gS/j B TB ojIUa p j a jjL (jjj^ j^ U а jxj t т S.ia j ja. jlL 
^ t JLaI! Jjjjoi ^c. .8 = P exp(i 2ngS\\ B TBIh) j y = a «Lua. toiUj ciujj^ cJ^j^U 
jL£ lijj ( (| 0 > + 1 1 i>) y/ 2^ — 1 cj^lj-aj ‘x jj^-UI J jL ^g-lc' 4 ~>'L ^jj^j ^JU 

• (|0 > — |l >)/2 2 i~x Jj +x l>° цАа!; ^jjJll eUil j]i <.2ngS\)L B TBIh = к 

J jL ^^ic. ^ x jLa'l» a JLf -л jjflaJJ 4 'Laa'! AjU jSL/I CllJjJ^lt CjL'aC. jj'q Vi j£-GJj 

. ^lc. JJ*\ A 

CjLIajlI! (jA <1 ui1ujj lLa i^. ^Jj jj£! cjLli 4_ia ja^'I XOR 1! AjIac. c^ i'l>"n 

l ^ i^iViui i (. sj-uj c J u^qj'L 4-iaja^'I XOR 1! <> L^aj j)A V i!U . 1 iu» i олч* a'I 

Lafij -а j j^AJ j i jLaj j Jj ',Ag n i j jL jfij jj£ Jj^j . JjjU! ! 1л jA AjIaC. jj'qVi jLaJ 

: (Heisenberg Hamiltonian) ^jfj jjU ^jjLU aLujIjj 

H = Д0$1 • 5 2 

c LAi'i jjAj jH Д_а jLjaI (Eigenstates) jjj jjAAl! ji'ilL'! 3.12 J j jjn 

jjIaL^J d jjAA CjVU. Cutii' ajU jW! CjLjjj^I! diVU j! Jaa.V . ^jiLLgJt ! jfj 

• j j^-^aII jfj jjU 
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с jfijjlA . J-a ijjlljl (jiLijjS j)jj]l_aJI JSjJ 3.12 JjJiJI 


Jill PJS& 

ш 

b jjaa]! Я1\_аЛ 

1 

m 

00 > 

1 

m 

( 01 >+ 10>)/2 1/2 

1 

m 

п> 

0 

0 

( 01 >- 10>)/2 1/2 


ЯЛлЛ CjjlS t = л J UJauajj J |01> <jj|jjjl JJL^j djl J lj IJI 

JjVl slujj^ll 4 .aft J^Ljj LguV tSWap“4jjl_Lo“ Ib AjLu<JI оЛЛ . |l0> 4jajLill 

4jjl jJVI slljjjill CjIAjE. (ja 4jj ja£ 1I XOR II 4jLaC. t—klLjj j .Jjjljll Clujj£ll 4 jjjj 

. \j(T)dt = 7tl 2 4jJ jiijl лС. ^Л <iLjaj clijl Sjj^jA]! 


4 jaSJ J jjlJjjjUI jjLujjJj Алл ja£JI AujjjjaJI 6.12 

Quantum computation with electronspins in quantum dots 

Aj j! jil CIjIaj j Jj ^Ic. (J jx^a-s. Jl jl Ji\ J*ll j)A ^iJj^a! j9 jjfU j! Ч 

cJaia 1 g j^,!j ^JjjJ LS^ *L. U *0^* <Q (Jji^. jjUaj ^gic- a ^ЛЧаИ £a CO jV H*ia aIjjxa 

^jj jjj j)A 4 _j jj^alJ! j^Aj V t4_i9 1 a^Via Ijji ^jjjjl! (_ja ^ljjl jji cji^j 

j^AJ <j! c j jjjaija (Jjj Loss (J^i 4ia.jJa ja£ Ч- 2 J^Lai jjiA jAxja'n .Ajjjlj 

Jalijllj . 4_iaja^ Cjljj <.A Laja t Luuxj 4 _iaja£ Jalij ^^9 tClAjjjjfU! ClliAJjjj (JLaxIuu! 

Л 1 н jiA 4 'u* j-»A (<Jjjlj Cjljjljj (Jj-a ja t ja fijJXjuua jlaLiA 4 _iaja^]I 

Ajj^aI Д -AjjU! AiUall ja (Ji! AjjjLjl! SjjlJ! l” i^aj ^^] jjjj^]V 'Laj^U! AillUlj 
( 10 ПГП J 2 j)JJ lAjIaS ^xij (_^j]l ^Ajaja^]! A IiVil j^^'i !j] .4 laj^ a\I сс1а]| 
j-ajL-aai! (jC- Jj£! (Jjj-alij ! ЛА j)A (J jkV! (Jjj-uaU! ^^9 j^jJ .Lg_Lk!j (jjjjilV! 

fijjU! c” 1 Ja |j! tliA LjuJa! jC.! j-aa_l Laj 9 j£I . Ajaja^]! Jalij]] Aj jjjJ^lV! J Ajjj-aj]l 
(jjjjil! ^ic. (J jjVi (j! 4_1 aja£ <Ia^j (J£] (j^Al йК xlll (JaIj^. j)A jjxJ A Ч u >> а\! 

IILa. (J j! j A laVill ^^9 jj jj£I jU Lljjl! Яз11а]! (jjj AiUall (Jx-ali] (j^A)j . 1 g u> ja Л )Ча j^,! j 

j] (JjxjIla]! jA Jai9 LjjJ! ^iUa]! (Jjjjola j! ^ j» i ! jAj ^50 meV jjlVi i j! ajliiA 
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оЛА ^^Э ^jjj!K]VI CliVL^. с. j .AijiJI Sjl j^. A_^.ji ^JI ojl j^JI <L^jJ c'* \\t.s > j 

(j jixJi ^jjjjii ciujj^ii au (jsi jj 1^1 j 4 ^ jj j^ii (J^l^jvi ji ^КдМь Jaiijii 

. A lVq \W Ijjjl <JUJI ^Э Jiij jjj j£JV ^AjjaJl ^aJjjUlj 


^jjUj el^jl 


АШ 



4j-sjjs£ji Jalajll (jjJSSj^M ^JjUj 


(_£jL»s Ja.la« 


ш 



4a>» AJIj ,jj ■ .4 <LJJb« A_uj^S jJaljj ^ЬА. л (I) 1.12 JLuJI 

Jlau (JjJajj (bj) . (jilajl) ( jjJiJI sjLs Jl jjjj 1 fl t 4jalj]| sjLj ,4 I g j?i» jj sj jusj 
jjJI Jjj ,_jJjjj (jaUI Jat-'-j JUajil (bja (jj> (Jjaljjl Ajla. Ал^л 4j|j jjjLu (jJLj^A 
(jj) A Jjujjb (jjjjUVI jUjJj jjjJj! JJIuxjjjI (jSju j jj| (jJbj^Sjl Jlaull ^jJfr g JjiLnJJ jLejfrl 

. j ji.L’1 Jalljjl (ji jujJjjl 



AjI Jjll LJjLoJ 


jJaxu I jjj£ (jxttJI jJLi jj| (jjjjl) ЛдИаи!) Jalljjl ^ Aj^jjUI Jl jjj| (_i £) jjj V 2.12 JSjjJI 

AAjajji ^1 (jjjuVI (jjljl) AjajjJI (jJljjJI ljjjjj JlJjj (jJLjj^S JLau (jjjiaj jjfr j . jjijil 
^jjjjjlA (jjjjjjlA I j2jj Jalljj) CjUjjJj jjj JjLl» jjjIj >j jJjj )J4j . Jiljjjj jalAJI 

.ajs лч um 


4 ДдС. Jjijj A_ixj 1аДЭ sJ^,l j Ajjjj£ A Jajj Jc. ^ uJajx ^ (JLau (_JJflaj (j^l 

% * * £ 

(JIjQx'ua)I Ig 'jjQA>a 4 4_КЬ jl^l оЛС. tiUU c"j^ jl^l . IjJJ^ jLeJ 4jjlj3l clujj£ 

f # > s= 

J^jJaj jl t^lajl Ldl liaj lAJuijj (J^-gj ^^jII tillj Циа (j-o) _L£a Aj-q j-<K XOR l" Aj'ac. 

4jjl j^yi dAijjKiyi CjLaJjiJ jjB jn»j -lalij]l ^xj-ojk ^Ac. jjajL^Lq ^_uulaj*_A (JL^-o 

JL^-a ^ (Spin precession) fjj-£]l jj^ jj*j . ^ипЗу^аЧ JL^aIL 

Л_ДалА ЯА^1д_а]| oiA ^^Э J^,ij (J-l]l g J-olx]l Aajxjj •gSlXsB/h (JjLujj JJjjj xuJajx a 

l. <a]j4jj iA n» x) 'jjLo j A>.s-i jIaaIIj ^jjJjII jjj Jj1_i1a]I jjjLUI Jc. SijiiA dujj^ 
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Aj-qj-oSI1 4 3-iVJl ^Jc. ^LLj^ (JU -л jjLa'nj . L Qu^i-oll 4jc. Vj-oj-q^H 4 LiVJl 

. LijJI J_ii j JJ^SL/ I 4 LaVJl jll g (_]л1лЛ jjj»') j£-oJ t(1.12 JS **Л jj±xJI 

<1La*J-ujI jUn IJlj i jjil Jalij Л Ajjoulb 4 LaVJl ^aJjjj aLUl «^JP JJXJ J 

.Aj 3 ^SVU jaj ^^Jc. ^ JJJ^IVI ^aJjjjll AjJjudjll 4 _ajJ1 jjjJj! 

lijl jj£-1a 1I ^ jjjjiU ^-i jiLoL^ .(JbI CjL.laj (jjjiaaj ^ ^SVJl (Jj-gJ 

biij Jaiij]i (jjj j)jjj£ivi Jiijji (jj^j Uiic. ^j)_£ijji jjjjjj£ (jjj jjju l* jL Jj-j^j 

jj biftj jjjjilVI Lg_i3 Jiijj (VjjJal ji^l j AjjAj AjUc. c" ih‘i vJUJl oU ^^Э .l_j£jj 

оЛА jjaikja .Uftj Cjxj ^aJ c2 4 Wq'JI ^^Э jjj j^]VI £-* Jc.I_9jj ^xi c2 <Jakj]l ^JI 1 4 LiVJI 
jjfL Ujjc. VU*j*\l ^^Jc.1 jj^J ojjjJjoJI oU jl IjJajj . jjjj£Jj/l Я^1_1а j-o Aj1ax]| 

^э ^vll Ajijj . JUs J > 0 vj jis c2 4 ]-i VJI ^э ^jjJj]] Uu£L*_a 1 ц UVJI ^э ^jj^j]! 

^Lj*£ JU -л jjjJaJJ tilli jjUj jUjj .Ajiijll А_АалЛ jl jjjxi (J jjjjJall j-o t/ 

.(2.12 (JUJI (_^i (jn-U! (ji j^ jjjJaajl! jjj ^^iiill jUUI ^э j j! j>»Ul 

j jji—ja St Jj Ax>jaS jujx 7.12 

Quantum computation with phosphorus nuclei in silicon 

Д_Ь1э ^jjjlj CjIL Aj-oja£ Ajjojj^J Kane jjU 4_лсз tjU ^jiU ^j^jj 

lla. £jU jjJaj J ja. j Л I jJjij3 . jjjj^lL/l ^a-ijjj j-0 V-b (^jjjl! ^aJjjJL cU-ujjjU 

jaj jjJaj]! IU j-o jjfLiLu) CjIjjL 4 jxtVj j£udJ t^Jjjj]! ^aJj-li]! j-o (JU. jjfLluJ] 

CjL1jjj£ (Jj-oj] djjLII dU ^Э (_^jjj]l ^aJj-ii]! Cjli CjIjU! jjaxj (JUU j^-oJj . (J-oU 

V! 1 * 4 j <UaaJ! jjljil! jli c j^njjj^ jl oiU j cjjjj^ cjLiLoc. . jq'n (Jj^-uiil j .<]jxj-o 

IgJ jj£j jl L_jaj (Jj tjjfLLJl (Isoelectronic) cjLjjiilVl слс. AjjUIo jj£i 
(JjUj (ji]l ц$ Jjjll ^aJjjj]! Cjli 6 j jUu ji]| Cjlji JUxUL Jj !Uj . 4 q]'U-a 4 W /I) 
; jji-u)ji]l (_^jj 4_iiL jc. LiK 4jjj_*ai-o jjU j3 dljj J^ jjL U jjc- j .UU! cjlji^ cV 2 

Uj-Jl j-o a.la.1 j j3 jj !Uj . l-la 1 \}Laj Ajj jj]l Cjjjjil! -UIjj ijL jjU jl ^xijij 

. A-Ijjjll Cjj jJ^]l 4 Q ) j L\ Aj-uUJ j]l 


'Uiji gi U! j jjjU]) 4iljj gi Ul j jjjjjj jjUjil! jjU 

4<UUI (j^ jj^jL» б! jj ^ij-o jjU j3 sl jj (JjU Uiic.j . jjULuilL AjjU tA^jUJl 
^Uj .(Shallow hydrogenic impurity) ^UuJall Vjiia-jj-ii^Jl UjUJL U jj£jj 
jjji £iy\ Uili ji j-^j ^LgJ 'i jjU-oll CjLjjiilV! 4_i3UaVl 4_ia j-<Jl (JjiS! CjLla-ju) 


493 



AjjjjJ^lVl AlLaJl oL jSjJj .(~10пш) Ajl1«j-q (ls) jj^jA aIL. jxat>3 ^^iLjaL/l 

.Ajjjjll (j-all x^rsll £_л (J-al»*j\l "lc.1 ji" oljjlL oAiLoll 

lg_j-Qj to Jjg xaII (_£jjj]l ^ l **n)V l i», < a\l (jjjjil (jll jlaJ *Sjjii-Q CllJjJ^ CIiLAaC- (J j^Ij 

<jjJI ^i Ajk^JI ciliLLlkVI (jl ^c. jj3 .sI jjll jjjjj jjjj ^Lil j-oll AjjjjI jll CjL. j-q]| 

jjjj J^jj j^jj (jl 1$1 Lj (j-Q l$l S jjL_a] 1 Ajjjj]| CjLoJj^j]L t SJXjJa]! (jjSJIj ;Ajjj1j]| 

jj£j jl 1 jjj£ (JjJa^Vl (j-Q Ajli б! jJ-o]l c." n«\ (j-Q Ajluxa]! SjLq]I ^Э б! jj (J£l Ljjjj (Jjl jil 
lg_a.l jjJ jl (jjjjll ^gi (Jj^jll ^ic. Ig L^l 4 n» ja Sl jjl (jjjjll JJjj I Lljj (^^-lc. (jJJ^Li 
Knight cjjL ^Ljjl (_^^j л jaLL (J^Ia. j-o tilli (Jxa j^-Qjj . ^^^.jLa. (JLa -л A)au.)l jj 4_Lq 
(J!>L k (j-a (jjjj]l ^jjJj]I ^х_л jjjLJI jjjjojji]! 'iji (Jj^. jjI j]l (jjjj^lVI . shift 

м» jjjLII tilli ,к"п j . Язл!1 (jjlill JjLlLI jjjLII 

H = CS I 


^gic. ^ uijL'i» ^ JL^-o (Jj^Jaj juc. .(jjjjll ^jjjjJI jA / j L_a_iSI (jjlill djjLll jA C C n^. 
<лЭ jloll A-aJ^]! ^Jj-ajj .Lq .la. LaJjJj 1 Л ij-all (jjjj£l^/l ^ H-oj *Lo jJaj-all 

JL-a]I £-o AjjojLj-q j jlx-al] <i]La_A fc< S a > (jl 4(jjla-a]! JLa-xi] (J jl J-L! (jjJJ^lV! 

( qjoJ 6(Jjjj]| ^aJjJj]! ^Э jljJ (^Ljal JL-Q Laijj til]i] Л \\ ) j . (JjIa-o]l ^^-uilLjx-L! 
jjjj лл jj ^LjaVI JLxill JL_a]I ILa ^cjjjj .(Hyperfine field) Aijl! (jjlil! JL-L! 
J-oxjjujj ^gjl! AxjLL]! (jjjj]l ^ unbji -q\ 1 (jjjjll cjLjjj j .C l_lujLj-q jIL-qj jl jjll 

CjLLl! JL^-L! ulli ^х-о AjL j]| Ajjjjll UjLqjjJjII jj* 1 ciai^ AjjjjIj JL-q 

•CiJ^^I lIjLLjI Jl Aj-uuIL l^-Qjjjj jjLa -л 


^jLj^s JL -л 4 kuii jj iijii (jjii uj^]i jjj»*^ 
jj jj^ll J jc- Ajjkjj 



(^ill (jlajli]! (jjjjiWl bjj JJ .(jj%LJ! (j^ t flu^aa (_^Э Al L-u a -a jjLuujS S jJ (1) 3.12 JiuJl 
.(10 nm jjLuij jbiil) jL jj]| SjjiL aJL. ^ jj^jl* J1 Sji j-a jji— «ji]| Sji 4 1 aVi 

jjjxj (j-aj ijjluiji]) SIjj (jjjjiW! )«iA JLI^j Jj^slI] ^Lj$£ JL-q JLqjlLuj) (jLaj 

.(ijj^! If^j^ ohj -i-LH 
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Jjj! jla)! (jL^J lil .(_£ J^l! -Uc. CjljjjjilV! 4iL£ ^gJc c Cluliil! Я -Gji JL«u*j 

JL^a JmLA^ (3.12 JSDill (_5^ 4 ша' 1) oJjilo djllLjj^ с1зЬ ! jj (jji^Iil йЛ)*ч\! 

co! jjl! (j^j j^ji jj*j C d_ ijlilSI j)-o .<_£ jil! .lic. Cjlj jjj^IVI Яз1л£ jnjt'l' 

djljJjjl! ^-)ajajljJ 4_1л ^ j j^J! j! jjjj)! (JjkU! ^lc. Uju^I ^aJjjj)! (Ja^vJj 

.^jUJ! Ajjjjjl! 

j^i ^lc. tilli МЪ\\ j^AJj . (J jjj ^aJjjjJ ^aJjjj (JjS JJJfJJ^)! UjIj'aC. ^ з')-а"п 

c** j Cjljjjj^JV! 3.W jj .1л_л jjjl jj)! J j^. олАа)! Cjli jjiiJV! jjL 6 jjjjIja jjc 

^JjIjJa)! L-fllilaj-a' V ! UAi jjJ^lV! U))j 4.12 (J^'l <_^Э jJJa)! (J3j ij^'*^ 

jjj Язл)! ^jjlil! j jii) j 6 CjlijjSfcU A_uj£L*_a)I Ujlililaj-aV ! a Л^) A 'NjVij . jjj£!_*_a)! 
лУп^к . (Jjo£!_*I1a 1! L_aliiaj-aVI ^) 1 а£лЗ_1з jji (J) jljlji)! cjjjljillj UjLjjl^lj/! 

:Aj)Ij)! <л_ь-£а)Ь ^tili)! jjjjji)! jjajjJj)! jji 4 jL£ I v^aj 


H = J(t) Ix • h 


i ji) . jjjjjl^l) ^jojjJj) lij! jj^aa)! ^i jjLl^)! lJ^L^ AjIj (jjiij l !ла j 

CjIj'ac. Aiijj jL<j соЛАа)! CjlijjiilV! tiLj^j) AjjIjj^)! UjIj! J j)! jA jjc.jj 

j! ол^.! j Cjjjj^ 


Cjlijjj£)j 4_lajaj| jJ JjijJjS ji JJJ 4j3 ^ ^jSl (JjS 



Д -J I ^jj | ( yjUaJ 


! jjj£ (^JaUJ! (jj I a ji!) SjjIa)! Ajj! jiV! LjUjjjifcU Aaaja)! ^! ji)! J^IDj V 4.12 J£D! 

cLla (jj-uiSf!) Aj^ja)! ^JIj^)! JaIjj j!jjj t^Lj^S JL-a ^jjjlflJ jjc j£) . dij)! ^аж a 

Jclij)! jjc (jjj! jD! ^)! JiL (ji)! Я -ujjjiW! LjVUJ! jjj cr^J^ Jc-Uj ^)! Jl)3 j^jjj 
.ЧаЭ 'ЛУз" JjU (j jj)! ljLajjJj jjj £ jjjJjU Jclij 0 jjjj (Aii)! (jiLi)! 
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Conclusions 


Да£Ш 8.12 


(jil^jla jLajV ^jJJ^LJl Aju^JI (jj oj J_uj ^л£Л Ajjoi^JI 

t * 3 

(JjjLuiVI aLajVI IJa ^_9 _l . L -ч II ^ jjjll j£ ^j J3j . 4 q L' J. <хо ^л£Л jj^aljxJI ^£aj]] 

jj^aLic. j* ■ J (JjjLxjII jjli tjjill jJajx^j ^] ^^J^j .AjLjC. <ja^jj£ J-JJjjjI^^ c-Ljj] 
4<jg л CljLkiilaJ Л L?jjJ t 1 $j 3 j»£^j]lj jC1jL1jjj£]I (_jl j j '<^^ll CjLjj1xji]I 

(jl (j^JJJ V CjL1jjj£]I ^ ^Lj]! (jl Vj - Cjljjjjjlajjt <jll J lllLjjjuaJI j CjLjjJlSiVI 

(jlSI Jjjui CjLujHa]! ^aXui Clll jjg y\W j a!ja]1 ^_y. ajl t/T\ Д -ujAiA (jji. V] 

^^Э 4jAl^)iVl jjiuji]! CjIjA] ^-jllUl £J-Jajj]l jl c<Jaja^]I Jaliiil (JbLk j)A iii]j 
dj\j.w*]]l <^_^.Ija ^э (_£_j£^)a]! jja]1 LajIa (_£Ajj (j! (_£ jjLi]! >1* II ^_gJc. IaJj . Jj^UI 

IlAjAjJI 

* 

^^ujj 4_1 aja£ CjLia j jl ji. AaJ j tAjAlx]! L_11 ujI j^JIj cbJ! Ajlus (JjLuia]| jiaxji • 

.^IjIa Lsujjjj CjIjLui^J! tillj 

j! aj^ ja^J! Jalij]! ^ CjU jjjilV! ^jjAj (j! cAjjjljl! ^^-bl! ^ ^jjAj]! • 

. jLiaa j^J ^Ас. L-JjjujL^JI ^xj-ua ja t^jjfLilui]! ^Э (Jjjj]| ^JjAj]! 

.cjLLjjil! (JjIaj] CjVL^J! CjliUa (jjjs Jaxj-ujj j • 

CjLujIaa]! ^aluJ ^Э AjjjljJ! ^jj]! (Joajl (JaIxj]\j ClAjJ jJ^]1 (J j! Aj (Jjajj j • 

^^)jjjjbb (jjfj JJJ»"ii j! i^qlj^UI CjIajjAj]] g (JaIx]I jjjxjj 1а| t!.W ojjxaji]! 

. jjjill ^A j)JAJ jAj j)JJ 


Questions 


(JjLuLO 


2 П -1 1 ^ 2 ^. jqx^lll j)A jAja]! AIAC-L/I £JAiJ L_l£!jJ ^Lij (j£-U L jjj .1 

. Ajaja^ C_j yi 4 Laju.il jj 

Л P = 0 ^ot = 1 AjjIajj! ЯЛл. (JSjJ IgJjLk JUla Jjjiaj l_lsj ^gjl! cAa]! ^ и*!^! .2 

.AaL^jIj JL^aII (jjjiaj L_lJJ (_£j]l jj^-aII AA^.j cy = 8 = l/2 (1/2) Ajjl^jjl ДЛл. 

.4_iaja£ XOR AjIaC. j)jl .3 
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jjj ^j^jjJ-A AjjjjII CIjLcjj^jII jjj ^jjjjjIa Jc-liij j c jjc. .4 

.C jjjlall jjill CIdIj <-«u3j dCjL<JI CjIj jjj^IVI 
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1.13 


AjuIaaII jt AajLLa]! £_a cJ^Unll A_iLla ^ic. o^j^_*_a 1I dil_ijjjj£iV! Aaj*j 
|ЛА j-o djUuIfldlt ^Ja> i£ii! jlt j . jJJJjL j£^ll (AC L-JjlVUtt jUjlt CllllniaJ 
jjc-jij ^jL cjjJ^W! J <ili^. J C (l vfttt jtj ^ w **П Jaia ^aJ^j £- jj]| 

c flL-ajt j Д_з AjA^JI Л u*i }A‘i» aII cj^bt-A t g ‘ia j c jt j-bt cj-° АзЛх]| j . j Ai]t cj-° cj.^t*U a 

* 

7C \1~iksia C. Qx^nj • Л J^C. A1 a Cll3_jC. <C jIIa Ajj-uLaji-A AajILq (JjC-ILq cjA^ 6cJstjj]t 


CjA j . ^ * j JVi» a\I cJ^bt ^Jc. ^ jb AjjIj j^£ Д_а jUa (j J^ Ьо jaC. ^ a1! Д_а jlLJt 

j ^Jc- j . ^-uuJajx-a]! JtoJl cJ AUj,1 ^*t CjUiilaj ^ U'(i Aa jLLa]I 6 АД й _jj\_3 j! ^j-Jal j]| 
cJa! j^. ^jj jj cJU*buit spintronics (A-iajjAi]!) 4jnu*iB CjlijjjjilVlj t^a jaxJI 

Cjt jJJj .Jaiis t Agj W xV ^gic. jb-aliaVt V t viMl j cjjJ^lV' ^ Ч -^tj^ cj^] 4 W xj'itt 

<Jjoi j^Jl C. 5 -U. CjlljjjjilVt cj-® -Laj cJ jA^- C 5 ^ o JJJ a SjjA^. Clllajjiaj ^La! JjWI til]j ^jij 
L__La_l (l^ : JJjU-A Ajjb C-t qjU j L__1^J 1бЛ Ja A_ljj±ui]t CllljjJjilVI cjj^ c_5^ J •^J-^J-^t 
jj£j cjt <■ . '>J (c_J^j C^aJjjj]! 4 ) A?Uua 1! Cjt,W*jtt cj-° <Q> ' j^J^ L^J^t-3 cjj^ (jt 

jj£j jt 1>J (c) J ‘tg x a cJ-aUjl! J ^aJ j Alit Л )A‘q’u*iAtt dlt» AVitt AiL (Jjt«^ LS^' (jyj^t^ 


( * 011 Heinonen, Seagate Technology, Bloomington, MN. 
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Дх. ja^ А ^aJjU L-lUaflJjoil jjJ jjii! jl 4(Ju-aUJl ^Jj-iiil LjjUaillujl L Q xL^ ^^Jc- (jjjjU 
lU^* j^j oj ja.VI 4ijV! ^ Sjjj^ ij^a. CliUj .AjjI^jjVIj AjjljjjVI djlbuJI 
^U'jil ^Uajxuj Ujl jA jjjjoiII j .AJaUll c. j| jUI (Jjju Ajnu*i\l cjljjjjiiyi 


AjUa ^jUaj Sj^J3 j AjiaUll (j-suUaLJ! UiL j*J Ajjj UjUll c. U*Vi j| jUI j-ajU^xk 

jjl jjg Vi ^jj-a j£i .^_хЭ A-Uli (J^ljj L_aU-ajl Дх -Ux-a -^J^J ^] AjljJaj tCjUjjj£iVI 
<UajJuiA 4 W U (JaIj^. jU. Ujxxj ^ lUtij (JBjxj (Jsljjll L_aU^aj! j>j 4,\ \) u>i LllUjjjj^i! 
AjjjJUj CjUjj jj^lj Cjljj^j Cjx-kJa j i jj^l 4_g_^. (j-o .JjVI ^jUaJ! (IgjS ^JjUl! 
<j-aLk ;4_iC.Uj-a CjUnlaj йЛл Л1 л AjCjL^. 4 t U jUj» j jcU_A j <J jlc. jjLx-o jj <jj£-o 

^UjU Ци-а&11 jiaxjj jjSUj c S jjuj i(_U-aall Ua ls^J * (J)'Vxinll Ac-Ux-a ^Э 

U-«Uuj CjLU jjj (Jj-aL! Vi L_£ jjuj j .^^jujUajxUI Jj^jujll ^^Э L^jLajUaj j Cjl jjg jfcjll йСА 

.Ajjjjjuill J5I jil! L_flU^aj! CjUjjjJ^l] ^! jj (jjaxj ^Jc. 


4 ,uMjh \хл\\ Д_ 4 jLLJl j— aUc- 2.13 

Elements of magnetoresistance 

ljjjujL^J! (j-a! j^! cjli! jjuj ^э JjU^I! j Ul jLI jj jju ^j*e> ls^ ci-^Ujuj (UIU. 

4 ,jjk jJa j» j\I (Jj^Ull (Jjj^j (.. i~nj td$.lj£]j JjjIj L 5 ^J AjjujUaji_A c!jj 4 Jx-oll 

. AjjU j^U Cj! jUj] ^J] La Jjj jlaj jj jjji! j-auij ^Э Jjj j4 j\l Д_л jix-UI j ул 4 Ъ\\ \ Ul 

JjUUl JuujUl^. J_jUj^£il I gijjLLa ^_j j! clj-o j)j jjj! ji! l_UUj j! jj! jUi! cjiL (j.i^.]j 


4,и jUj» j\I J-ajLLUU oUjuui! cUjUaII oJaj .a_i^.jUU! 4 j> jiVia х>\1 

jl V] .UipaJt 4 ujUj»xJI jljU UoLc. Uu-aLk IjjUJ! ^ t(Magnetoresistance) 
jA U1 ccLc. l_aU jcL ojjj£ c* ujl AjxjU j» J JjLJl c! j-U! uiL ^э 4 L^UaJI a_iujUi^J! 

^J-oU-ajj JjC.Ua (JUxJjuj! ^] g. J>jll l~uj I Uj U'*n,wll Ul jill (JJ JJ_J Lg-3 (JJjjUa 
jjaxj ^-Э Vj! UJc. c^Uj-alt cJU (J -лС. Ilja ^Э AjxJJ . ^JjijJ! ^U>/i Lg_lA iljjlaj jj£! 

• L^j3 ^Uj^J! (JUIIj Ucjj^J! 4 jxjlaj» a jl (Jju-aUj 


Fe <Ni <Co :Д*1раЛ Д.ц^йд 11 jt >*й AiUall jlbS UL 1 . 2.13 

Band Structure of feromagnets-Co, Ni, Fe 

4,\ £Uj ^^Jc. Aajxj lujiIajxA Ukj (. Uxij^sj j! AjjljjV! Ciljill j£«j 

^ijlb jjjijj .й/2 (jjLuj <lUajs ^^jijjJj ,j jl j alj jjjj^ll J£la iClj jjj^l'VI 
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jj jAjaSI -ikL j! J j! j]! jH Z 4 -^ja 1] j^AJj *M-fi ^.**n3Vi» /Ci ^^j ^aJjJj]! (^.u.n)a ixaSI 
+ jJ, B (j jUjq' i LiL (jl ^ un3Vi» aS I ^jxil z j£+?j ^("^gJiL'j "j jk") ± h ! 2 


4_1AJjJj 3I <Jjlj]l ^a J^.j3! £Aa. ^^ic. IjLaJC.|j .(jjJ+LaJI j)JJAjall (jjjLlL(Jl 

(_£ j! j]| jll (j-o AjaLx-a z 4 _i^JaJ ^ g'jj'i (jl e jiL j^AJ tojill CjLjjiibU 


(JjIAa (Jjl j j LiJajl tJLiA j . ^-ujjJajx-all ^ajxJ! (j-Q Я1з1 ja Z Aj£j-q £a t^AJjU! 

tjilj .<1 (jal ja (jjl j ^^aiikjxA +Ljj C(jjjj£l] (Jil (Orbital angular momentum) 
(Jjjj Vj c^-aJj^j]I ^ uijL'i» aSI ^kj]! (j-o S^Lc I jjj£ jiu-al (J jl j]l ^ mjJ-i'i» aSI ^kjl! 

u .(J jl Ul (J jl j]| ^kjl! LiA (J-A+j C_Sjjuj lilj tL-ll-laJ! +H jLa j« a\I ^a+A jjJ (j! 
c^^J^ll (_g.Ajj.li3! lSj^ j3! ^Lji! jjj^il 4_iAjj.li3! 4 jjI jll djljjjjilV! ^j^-j j-aj 4 
LSIU! (jl aLL^. Jaia ^cuJa jj jc! jil! ^jiAj .Hund’s rules -iiA -jc! jL <a j_ua ja ^+a 
(Exchange interaction) ^ ^Ajbliiil J^ILJI jii jj I jj (jjiLi JjhLi S jili ALjjjSi'VI 
jLaj V <j| Sc (j-=ajj (jiS! jIj Iaaa jA ЯЗЛ+Л (JjcLLq LolL .Aj^jU! LaLLaS! j 

jjd^j \,а^ S (jjilS! jjj jji^SV! td]i (J*+j .LILUI (JaLl (jl£-<i! (jj^j (_^ j jlU! jjijji^L/ 

.(jb+ ja]| IaaLxjIj (JlIjjj V c" n^k ) (jjSx-oViA z\lA\ (^Jj (^_ajjJj]I j j! jl! (a-Ljl! LSU 


(jlxjLlS! (Jl! jj j] <j]I (Jjjiluj dijl£ Lac AjjaLjjJ! jj] j^ LaUa j>»q4'n c c^liLi 4 > jjj 
< s!_ilaj_^aV I jjJaSJ (jL! AJ Л_±а]| LaLla jC ^a+Li]! j j] j^ Lalia jJa\ аЧ ll (JjaJ j . jLl+ J-Ul 


^aii jAj t^_AJjJj]l (J j! jll CljLj J jj^lVI ^a-L jj Aj-aLaJ! Z Aj^jaS] jjLuia]! 
(Ja +Лл]| ^LL] jxj cjjLl AjU-j (jA . (^,u,ijJ-a jx aSI ^ajxJL <j--aLaJ! Z CIAj^jaI] jjLuia]! 
cilL ^ Jc j! (^ajjJj]! (j j! jl! ^kj3L <-uaLaJ! z aj£ja]I JJU jjaj dj\_jjjj£]y! 
U.icl l+S jj£j jlj 6 (Jj!aaSI (Jjljl! (^Lj]! j-o <allL-A cIjVU (^ jj£j jl i\_jjjj£]V! 
j! V] .Jaia .aUj jjjifU] V] JJU (J£ (Jjuujj j! j^-ej V 4-iV t^aS'j^A Ajjuijj j 4 _iaja£ 
c((jj!U! (j j! jl! (S-L.j]l ^aj) (_g-+L j]l (^-aja^SI SjLj £a jljjj a_i£jU! AiUaSI 


Z CA_£ja1! ^lc. clL^L! Л ‘n* a 4_laij ^jc ^ j^LSI Aj^jaJ! AiUal! jILLa (J*+J La UAj 
j! (_^Д djljJS! Lax a ^ J_Ll+j]l 4 >/i 'Jl j . IjJJ^ AjjljJA djLjjjilV! CIjLaJjJjj <-uaLaJ! 


La! . jix-a]l (JjLuii jJa'i» aSI (»j*J] !U J C(^aJjU! (J jl j]l ^kjlS J_ia\_ua]l z Aj£ja]| 
(jjl! (J^jjllj +лаЛ j dJLjil! J_^aLkj cTransition metals A_J\ijjV! ^Л_ха 1! JJU ^ 
jq^SI (^J . L u+ij jjj£ (^-uiilajxA ^jc. (_^Д Ajalu-all A y\ j 'Jl j\i ;La S+j ^aJ+j c__fl jjuj 


(j^ t," tl aJ i. M (jlJ a]j\ ua \\ (_)-ajLuaaAS ЛлЗ+аИ (я+ 1Ь “Alua jj Ajjlxjl <1 JjSaj V (JjjcLo ^ ^ 

.(^.jIaII) AjJjJaJI 4jjauJaji_ftll £-1 jjl (Ja*J j)C, (JjjuiaII jA j iAj^jAll I g »)l jj (J^ljjj LjjIsj 
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jj 1 i^C> <_£ jLajJ ^^^-uiJajxA ^ajc. L) -0 Z ^J^J-a UjxiA ^jlajjl <jL*_a S jj (J£i -la.jJ 

AiUall CIjIjjIuia 0j,Vn ^LajuU. 1_ЗЛд_а <jj£j] dlljl]! а.Уп LaLjC. j£]j .JJ,g 
jljj j! 4iajjj]l j . jij-a]! <jc. c. <a\"i4j jia jC. Cj! j ЯзЦа djliUaj <j j£j] 1л_а Cj! jU! ^Э 

<j-o LjLx]! ^g-lc. j <JjU! ^ * j)Vj* х>! 1 ^ajxil JaLaal] ^aj^yli! Aj^jaJ! Яэ!-]а]| jlULo 

jLajlaj 4 Sjjuj Jjljill jlj COjj (j£ jjB 4. ilaj^xA 4jj J JJ^SV! A_1 aJjJj]! Ajj! jl! ^ajLj]! 

(jLaaJ cii]jj Л »ЛадЧх> 4 4j£jaJl AiUaSlj ^^_aJjJj]! <J j! j]l ^kjil (j-Q Z 4 j£j-U 1 (j-o u jjL 

^ jxSI (j-o z <j^ja l^ja jj^j ULa. Jj jVuj.) й jj jl <luaa^UI j .Sji Яз!_1э 

• jj.£ (jj 1 x-o 1 JLC- V* u j! ^ x Aj3-a‘iae а!1 

CjJbjll] d diVL^ 4iLi£j ^La^j 



cUljji]! ^jh <jli*j]lj jj]*Jl ^jjjj]! (ji]lA j (jLua]| ^ll) (jjIaj]] Lj^LaJ! Lj!ilj£ 1.13 J^ull 

.(j^l j!j Aisljj jxj 12 j^ja] 1 (jj (j*ina^ (jjjj]| ^jl) 
^^Э Ajjjjj£iV! ljVLU! Ai\j£ ^Э LaLaj ^jlalj ^э! x^all ^ unLijijll j*_]l <jj 

C(J.1 1.W ^g-uLllajxA jJC. jAj oVUI 1.13 JLill oL .AJliljVI o^' 

. (J.1 1.W ^g-uLllajxA (jLxj J^J cCj]Uj£]I ^Э ^jLuill ^aJjlj]! j (JjLUl ^aJj-iiSl LjLjjJ^SV J 

CllVLUI Clllilj^ j ^ ILUI ^aJ jJj]l j (JjLUl ^aJjjUl LjliUaj jjjj 4 jAjaJl LJJa. jj j 
^Vl J^j 1-a.l jjj ^glLul! ^aJjjj]! LjliUaj (jl ^UjiuU 4 LjiU j^]l ^i IjJJ^ <^LuJj 
I jlajj .(Exchange splitting) LbUUl jc. ^aUll ^L-aijl ^^-luj AiUall jj jjx* j^Lu 

4^g_Aji AiUa (Jjlluu (juaj jia. 4 iLaa ^ IUj.iI! ^aJjJjil j (JjLUl ^aJjUSl LjVLa. (J^ (jl ^jj 
4 4 п1*!аа 11 ^jbU! ^aJjU]l CjVLa. JlC- jj jj£1 AjSjaUI (JjLUI ^aJjJj]! CllVLa. JlC. jjfU 
.6 ji (J^S jL-a]l jC. L U*!4 a ^-uiJajxA ^a jc. lUSU 4 П tULiA jj^Jj 
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Drude transport theory 


Jiii i djjjj ajj^ 2 . 2.13 


^gifljuil ^aJjjj]! j (Jjixil ^aJjjJl ^sUaj Jjj <UI_1 a]I JC. ^^.L]! ^aL-afljVI (J-« 0jjj 

^aLujj ^j]I iai3 ^.Aji ^iajuj Л1с. ^ull CjVL^ili . ^uujjIajx-UI Jij]] jllLftlA jLilu-a^ 

cLLLa]! C. * lUtiJ j^L-afljj ^ifljuJlj ^aJjjJlj (J j]*]| ^aJjjJl ^jLLj jl ^il Ijlajj . Jiii]! 

^gic- jjJfljj iA ^Aji ^La-u) Ajc. ^ifljuil ^aJ jjjll j (JjLii! ^JjjJl CuVl^- <x_llLa jj^j 

jj£j L_fl JJUJ tLjajl CjVL^il CjliL£ L_flbU^l CJJjoJj Jil .fijjxjll Cjlj J a£ J L flh-NA j^j 

^Ixjuj £_a Ailia]! jjxj jl cClililil jli <j]]i£ . Ifl^. <alii-A 1/ ^ jjat/il Cj' V C xa 

jli tli] .^-Aji ^iajuj Ajc. ^ifluil ^aJjjilj (Jjlxil ^aJjjil CuVL^J 1 q\j4x> jjfLluj 4-Li. J-Ul 

l,Ag )\\ jjjjjlxil Яс. ja^_a]1 ^JC. JjuJ 

( 1 . 13 ) 


:^,^j-»j‘V (£jT) ,V (U) 


V (.-, 0) 


ivs - 

П (k ’° } 


.Ljajl Sf ^_^Aji Ailia Ajc. jjjju.i*4 а11 ^ AajB «. flli^jj 


cH *АЛ-Р 


C 5 5 


jia j» a JJC- jflxA JJC 4 W *. 


j uioA l_jc.C 


JJuJJ USjA 


JaIj^] ^ j^i! jLuiaII Ixujjja jA <jj£ ja!I jlcLi! c(Drude transport theory) Jail 

.OJJXJ ^jfl^. JJJ 4\~\ iil (JaIj^. 1 g Я iaqj ^j]! AiLuiAl! iajuJjjA Ijjjflj (JjLujJ jAj .4 W iil 

IjjIj jl ^.LkjJjull оЛа (Jj^j 1, V^Aj 4^_Aji ic-jjulj tJj^jj 4 W illl (JaIj^. jl ^il Ijijjj 

.S jjxj \)^*^ j]' ftj-UI о-° C5^ J tjij^il relaxation time т LnAj 

^ic. 4 <jjaL] 1 ^ji SjclL jjujLia]! L-jLj^H A_ijli jjiLil jj£1 jA jjxjj]l (JjxA tLjIajj 
^ojjxil оЛа l_j j]Li (JjLuU (jil^ ojjxil (Jcxa L_lujljjJ СйЛс.Ш1 oj^i IflSjj .(J1 ja]1 Jjjuj 
A ili^j LjjjJa-o tiujl-g-ilj i_i! C jjVI jjjlLail jjj 6 jJxil jja£ AijL^iA jx-aLc. £-JJ* £a 
jjiUil ^jfllia jl j\ tLjj-o ojjxil jj£j tLUjljjui! £jj*-J <]U ^gij .Ajjl^jJI CuVLail 
^i <L-all Cu! i CuVL^il ^ja-n jujjj 1сА j c jLjjLujja L j£j jl L_iau i_il_gj]!j AjjI CjjVI 
1 j]j jaII ^-1хСи ^id Lxjia ajjxil JflxA Aajxj c^jaxII 4u^j ^^ic-j . ^^-oji ^iajuj 

■V T = V T * 0jS;J 

(Jc*-aj J^il jLuia]! ia-ujjJA iaJj 1 jj^Aj COjJxil (JjxA ^ic. Jj-^a^j УЦ 

:^ь Li Iflfl j S jjxil 


£ k =v Fih 


( 2 . 13 ) 
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Jajuj j!i* (J-axilioiJ 'iilc. .Ljajl Д_а. j-oll ^Lx_uj ^Jc. Са 1 х _1 J^JI jLjola]| Jajoi j!Lq jl -lan C*’ п*ч 
jj£I dj\ J-iujjjq (jLojj Annjii l^i! IjJajj . ^Aji ^Ja-ui ^Jc. Сп\па£]| a-l^J La ^j^jLq 
jj| \,VVdj li] j j Ци-оЧ j\L L^Jjan J_)JJ L_flCA j) ^a-lan V Lg_i\i 4<JXJjJa]l jAl jJa]L LL-a'l'l 

Jajjj jIlc aJV Cj 4 Ll i ч ^ j^j AjjL j^_^]| 4 jM *Л1 jc» jjjxIi]! j^Aj лУп-^. . i — UfI > , iVm 

.* f 

^jjaJ Cllljjjj£]VI (jl jA 4_lAXJ-uij (ji]l ^ij-oj]! j . £ \_k jIjujV I оЛа jl jaJ! j\-ula]| 

SjS cilii jc. 'n j с1/т (Jcxaj dj\_Aj\_L-aj] £-Caanj E (_£-^.jLd (^Lj^ ji^. ^JajoiljJ 

jiaJI 4 _LxujIjj ^jLuiJI jc. ^Lill ^dji! jj»'J ^jJI (Jlx-<JI Lj jl j lili . <i]l£ila.! 

nija. ^Lcjja Jaj-ujj-j Я]с\_ха ^Jc. \ 'lL/>^ ( CIiLaI jaj-saV I jC. ^a^Li]! Lii]! £a jL^JI 

jlnll Яз\л£ jl Jl I jlajj .6 jSLuuJI <]LaJI ^i di Ljjjj^lVI (Drift velocity) 
4 iL£ Jajj \ v^aj 4 CiLjjji]VI clc. 4 i\J£ п cina. 6 j = — env d l^jLL (jiLjg^ll 
tJnjLj^^l! 4_Jalil] A_JLl]l 4,-sjVJI ^jJc. jj-ixa_j] ^\jj^]| jiaJLj jLnll 


o = 


ne 2 x 


m 


( 3 . 13 ) 


^uJaiLal l JiUl (jl ,jLiill jbill jj Mott (JtA jr j>*j 3.2.13 
Mott’s two current model of magntotransport 

4nxajjaix-a]l CllLo jJVixJI ^Э (Jii]\j j-aLkll oijji ^ij-n £_1 ujjj \ J Uai (J^_uJI j)A 
jjx_n Clll.la.1 (JLaA| j^AJ 4-i! A_Lunjj]l 4_iiCaji]lj .A]jix-a]l dl\_u<al jjaV I jiaxj j-ojJa 
^lc. Inlixjj 4_л jAaII j Ljic. Яа jAaII CnlijjjilVI ^ C'ij^j ;spin flip ^Jjjj]! L-jjUjl 
^AJjjj]! (J j! jl! ^adj]! ja z 4 j£ jaI! j! ii]j (jC. jJJxnli (J jd^! A5Jjla]!j . LgJL^. 

£a ^JjCj]! Jaj! jj Я]\_^. ^Э LaIaj \aj^x/i (jjn] ^jJL j^] . ^aJjnaJI -lia. ji! ^i jjIaL^JLj n 

(jl tiiiJ Л L_fl\uJaJ .(Jj!Ja]\ (J j! ji! ^adjilj ^AJjd]! (Jj! ji! ^ad. j]| jiAJ C* П*ч j!Ja]| 
jA 4_ijJaLa. ^Э JjJaJI l_Jj!j-uj ^Э (jii! ^]]i (ДпЭ C У* (jii! cJajljj]! 4_ajx_Jai! CllLAJjJj]! 
(j-aan La43j C(J!j^V! ^xja-n is^J •^JJ-^]! L_j]>lij! *ijJ*4 J 1 uC'i j! j^AJ C(jjLa_j]| 
^lii! ЯзЬаа]! Lnjil (j jLd (jji! c^jJji! jLujlnl AiLuiA jj^j cliA lii AaL^J! ciAa jJ-VixJI 

cLxj! (jA I jJj£ jj£! 6^4jjJ]l ^Jvlijl ajJxnl Ac-J-Cad (JjS \ j)aui j (jjjj^JV! \ g * 3aQj 
(jjjliW! ^aJjjj jl jlnc.1 44 _AaxJ! (jjaljC-^U clij^AJ !J]j t^aLnAV! jjCajA Jaj]Va\I 

.JaianA ((jjjjSDU (^AJjdi! J jl j]| ^j]! ja z jaJI сЯзС j!i£! JJ)»*\) t jlj 
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bjlc> 4 _aj.1a 1I CuLjjJ^i (jl jliic-l 1 j j^Aj L_JJj£ill 1лд ^gJc. <iljj 

^jA^-e LoLoj tj ; jLoj AjI^II -ulaUll jl c* n *ч j 4 j nL--iq j-a jjjjjlj-o (Jii ^giLii cJj-qj 1 
^jjJjll Ал laU l qViVj .^jgil^kll $. j^ll Jj La j .a = 0 | + G| jj-uj.iill ^jiLi AjlaU 

^ji* Jj.«Q L-fl^Ukl ciilj LuLujIj .1 JJ^ li^llikl ^gJijalll ^J jiill Ajlalj j C. Loj -лС. (Jjlxll 

UjliL^ J Ljlc. J-c^-Ul CIjLc. JjuJ UflbLikl J 4 ji ^lLsjuJ lic. jj-Uj.iil! <L^,j-0 ^gXjL 

Qja£ Ai jiu -лл jt/i'ic. SjiixJI (J^x-o .I-uxj ilijl AjII Ujjujl LJ liajj .cjVLJI 
4_^.j ^gic.j .4jjL+iiVI euVLJI LaL£ ^ic-j tALL+iiVlj AjjIijjVI l^VLJI ju ojlxjll 


^jill tilij (jc. (_£ jixJI ^aJjjHl ^glill ojiixjll Llslj ja£ j <L^.ja 11 j -й (J^ L qLAj 4^» j-axll 

6 (1.13 (J^uuil! ^^3 jjj-all Uijj^ tilli J! LiLjaVL . ^g-oji ^lLjuj Aic. ^gifljuill ^Jj-iill 
LIL^. Lalii^ l>° I jL£ j^l ^giijuJI ^jjiiil! Я11л. LiL&j 4 Ai*j Л LlL^Jl ujliL£ l iLvj 

u7U ojiixj l>° I jjj^ jj^I ^gJLuJI ^sjjJjII ujVL^. ojj*j j! л -njTJI j .(j jlxl! ^jjJjII 

^aJjJjll OJJXJ (Jlx-a j- 0 I jLi^ Jj£! ^gJLuJ! ^aJjJjll OJJ*J (Jlx-a j! J 6 (_£ ,>W11 f^J^I 

4-^JLxa Ajjl^-oJ ^uij I^A J .^Lj^l! (jLll LT^" Ц? jl*JI ^Jj^il! UjVL^. ^ ж J-a‘i !Л .(_£ jl*J! 

^gJc. ^L+C-Lla^L Aj^uuJ! (J-ol j^. ujLuj^j 4_^JLxa (J^yLk (j-Q AuuLiLaixAl! Д_л jlaj-oll AjLL 

UjLjjjj^l^U AjJ)£ joJ! oj^l! ^gA oJAj .Aj^jL^. AuuuLajx-o (Jji^. 4 (JLa1! (JjJjuj 

. AjjjjjuJI 


Ajiil! j 4uiaJlj 4&Ud)j u.Ul£UI LwukuUI cuUjlUI 4.2.13 

Acronyms: AMR, GMR, TMR, BMR, and CMR 


^ ^glil! A Я Vj^w -ci\l AuujUajxxJl L-ojLaII (JjC-lLa ^gic. Axjjjuj *j jlaj jVl (_j^L L_fl jjuj 

* •* « « 

-LojlLJI (JjcILJ! lIL (Jjlj Л*\ jSl! (j^jjj (^э (J-ftxiuij j! jLu ^jill jl (JLaxlujV! .iji 

(j! ^ Iajac Sjj^jaI! Anisotropic magnetoresistance AMR Я +^LL^Lll AuuukjxLl 

(jjLuij j jLil! Ailii^j A/ a nxnLaj» aII LaL^ ju ^jj! jll uiil^ lil .4 u^nLaj» a Д -ajA sa 

10 J jWn Д -Ajlaj-LI LajLaI <j£ja 4_u jli 4 0 


A/? 2 /-п 

/? = /? () + — [l-cos 0] 


(4.13) 
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Ig_i3 ^jujLujVI jj^-Ul .La la. qll a \я t/ij o.vi» a jj*_LJ! !лл c.Ljj3 uj 
(_£ji»_Sl ^jjIj]! j»_^. Jjj AajLiIaI! ^i ^liiV ^j (_£Cji ^jj*!]]! j!aa Sjjju jl jA 

. AqLl^A 4 jjj 1J! ClUUlVI jjla ^lc. ^^lijJl ^aJjjJlj 


jj£V! < 1 а 11 ja c-l j ^.1 Ая >.s-i\ Aj^Lja^U! Auu\h\x aII 1 _ajUa]I J j*- 3 a ^Jjj 

cLoic- jm fic-l ji jj jjj LaU !U cilll £_aj *^Ui3j]l Ajjoic-L/I CjLa jLja ^э 

Sc-I J^ll (JjJ JJJ (JA (JjJaSl Aj^IIIa^LS! A U jL *1» a\\ Д_а jllUl (JjxIa ^ic. IcLajc. 1 jj3j 
(JjjS ja (jU! (.A Li 'i» a'I <1! j]j A J-aiat a\I A \g **)!! A-juuulajx а\ 1 CuLojIalA]! ^3j . 4 j^liSI 

jc. jjjlUI JSaJ! jc. ^a-il j! A_ix*LiLjxuJ] j£uu ^(Permalloy) jfLj]!j cjiaJl a L J -ч 


JLuj c jjx-e dulj &Lj! ^i jLnl! (j 3 li ^a j 

A, U*i )Ll 1Ж a!I Д_А jUa]! Jjj! J ^jAL-aj (. I j^l 


*L Г 


Jliajit- 


L -Ljujj ^Ас. Д -jjj^A CIjIjj 


UU^ 

Lo! ,a Uti j]-i 1ж л \\ jljjij J-ajLLa]! 

1 L*_jL ^ ja_S! ajLuj! jj^i ^j^Ia ja_j ^Jc. o jU_iA 1 g \» ^ j^_9 J_j j» x^i Aj^Lja^U! 

jjI j ^Ic. jLaJ ~n jjjajj LjjL lUL jLCiij . (c_fll£ J^L L <aj»x>i\l] jjJaAl! jlaUJ 
jj^juU! aIU ^э 45° ^ jx jL j» а\ 1 AiL£j jLjI! jn Ajj! jS! (j jLujj c.** oc-l jU! 

.(^^jLk Jaa. l_jLc. jla j!) (Quiescent state) 


AjljIaxS! a UAnlaj» а\1 Д_а jllU! j j»_Lq cjbLojj (Baibich) jjjj \ iL <. LLj^lj 

^jjLSIj iJiaU! UjLijSajA ^ I j-^jj 6 1988 ^U ^ (Giant magnetoresistive GMR) 
jjj Uljc. Aj\ GO A j^j AiUal! a£Luuj \_£J3 (J jLjj ^jiSl idjlkja]! оЛЛлИа]! Fe-Cr 
A^jl AjC- %40 (^gil jj-aj Au xijJ-a j» a Д_а jLa LulL Uj\ ajaS! (J jJjuia ^Э ^^.jla. jiU. 
LaAjc. lUSI la^ jS C3j . UjlajaS! (JjJ-ula ^^Э ^jLj^^II jLU! ^jaj с." n^k cAijxS! Sjlja. 
Ujlija jjj j l^ia\ 1 (jljlaJl ^ x jL j» а\ 1 JaJjSl jjj*liS AjL»_J Cr ^ajJ^Sl A£Luuj UjjlH.1 
AjILIUI .lilaJ! dllija ^i Clsla.j c^^^-^jLkJI jiaJl Ц -jLc- ЯИл. ^i j .AjILjaII .lilaJI 
jia. jjjalnj .<ijla]l (JjJjula ^Э <ajla j£ 4 Jl jlai» a UjjUj c<jui£\-*1a <jjljJA A,u jlai» a 

<. qlaL^vi tUjLUa]! (J jJjula ^Э ^ILuijjVI 1 fiVl AxuJaJ I-JJJ j-°) 1 sU jClj (J j3 

^Jc. _1 aJ»1 <j£ja Д-а jLLJS jl l^j lij . Aj j! jja A \f \ Lj ^Э UjlajaS! Ja^ 4jl jS-ai» a 

:a_JL1<JI UjLjIUI a Iv» a oUll jjj 0 Ajjjuijll Ajj! jll 


.(^ajjUI] jj<U] jjj^! 79.58 (jjLuj j ^ wnLi'ijt х >\1 jLUl ajuu jjaj ^Об HmjjVI 
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R = R 0 + -^-[1 - COS в ] 


(5.13) 


jAx-iaJJ ^JLjLx!! оЛД jl . ^Я -ij! jJ-<J! (J ja J-qjIaaII ^St> Rq C' ^гч 

Ca! . ^»Iaj]! l. П~ч £_jja jpojJalii ^ji!! Aj^LiLq^U! AjjoLllalx-U! J-qjLLo]! Li^lc. <а]!_^-л t^L<ii]! 
cii!)UuaL«J! cIiLol^-a] Яз!)1ах]| 4 jxLjlVix Л L-qjILa]! 4_1а1£1! ajj\ y\W A-iaaV! Uj^jc! 

jl ^Jt> ^ \x-oV! c fll 1 ^Э dij^Ja (J^Lola]! (J.1^J (jl V] .LtJjjuj 4 jx jlVix - q\I 

<jj j j-o (J jL^. cIlq j] саэ i Lq ^J! <jjaLi_LQ diil^ a_i^. jLiJ! j jL^J] A_iuiLuia-!l 

j£j .Clilafk]! йССлИл J-ojialxi ^^Э 1 ~ч x>il j Ijjjiu <a jLLa]I jjjili] Jjj_ujj! 10000 \! 

^-a jjui j cLKujaI! олл (J^. (Spin valve) fjj-lil! (Dieny) g4 jlk! 

^j\j]! jjxjVil! ^ ' Vi j .^Lil! ^IvL!! ^Jjli]! ^L<u_<a ^jc. L\ Jx-oLi j!i£! ajLiJ C5^ 

Co- !! Я£Ь\-а*_! 1 4 jxxijLi V ^!! <-qjILa]I (JjxIa c__al xLiSI ^^э 4 jxxnJ^ V a'! S^! jai! ^jj jjj] 

* 

4, UxnJV» a dilLlla Aj jLdii! ^aJ j C j]I CIjLqIax^i ^Э ^ jj]l (JaxJjujj j . dllajln]! ^Cxja!! Cu 
^^э CoFe !l Jaj^Lk 4j jo (j-a£li . (jjUi!l j-o 4 'x-oli djLajL ^xa CoFe 4 Lij'4 jA AjCj^^. 

.0 JJ» x-o A_i^.LiJAjL!l 4 jxxljll V л\\ (Jx^. jIIa! 

^jLflJa CLlL. LaAic. (dl'VbaJl (jjax J (_5^) 4_iaa_l!! 4 nxijliiar х>!1 AajLLa]! L* j]j 
( jLe! 6 A_ili£ LLi3 j j^LaJ! I Л j . (J jlc. j^-U. <Jaj_u! JJ jLli.li. 1 ^. jl'nxxijLa V a 

jjUu jj^. !i]j .AjIc. ^jLj^ jjA^ (jjS (jjjWl (jl^. L^L j^LaJl JjJC. L — 3 ^ JJjfLEyL! 

Д-а jLLJ! jc. jjjxj]I j£o! c jjjjCj^J! jj nxxnl-ai» -q!! jliLla]! 4 jxxn]->i» a! ^ nui!! a_i^. jll]| 

I j jjiUJI jjc. 4 jxxnlVx .q!! 


/? = /? () + — A/?[l-cos01 
2 


(6.13) 


^Э jjxx-a]! AAjLa-UI Rq j t jn*4ili!l A_L_ujIajxA U^ 0 Аил. 

ulii Ijjj^ Ajaajl! 4 jxxnlni» a!I J-qjIIa]! l L-o'i (jJ! Я]Л_ха]| oLa ajLuu .Ajjljj-o]! 4,LSxxn!l 

u_a jjuj j И jj!i£ <а1и_л jj] jxLi]! s-Ljj^ j£] сЯзЛах!! ^jxxnlv* Л Д_л jlLJ! l flx-Vi ^jii! 

^э jx-o*4 Ajaaj]! 4_ixjiiIajxA]l AajIIa]! l fll xxfiSI j! ^iijjj . LL^J Lguilj^. jA 1 x>a» \ jjo^Ljj 

oj! j^. J_^.jC Aic. 1д Лх -oj (Jj3 Д -Ljla SIa CljjJaajl СаЭ с^^иСа^А]! jjU! Culjnixxi Jaj_u!j! 
Aic. %40 !l ^ Itn'i'i 4 jxxnl-ai » a LajLLq <jj_kij ^^Jc. (Jjx-o"\!l j^AJ Э tLJL^. Ia! , 3 Aijx!! 

^aai j^U. 1 g '\\\ jx-^qj CoFe 4 Laj!4 jA ^jxujlai » -q djlijla jlAxIij_ulj Aijxl! Sj! j^. J_^.jc 
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4, u*) 1ж .all <L jLLa]I j)A Ajjoiill о L jl ^uJa! j]| jA j • ^aj) ia\V I Л u*iS! j)A j j^a 

O^JJL^ bLiaA 1 j 4 _a£a Ajiiill ^ х\11 4 ajLLa]! ^gic. <а^Ш! fi^.1 ji]l (jujjj (JxVi 

.ObLa*JI A-IxtuJalx a \\ Д_а jILa]| ^Ac. 4-aj 11]! 6^.1 j£]l 

(Zhao) jLjj (Munoz) jjjjaj Garsia L^ jlc- jja jxILa! 1999 Дс- ^j 

!лд Ja^ jl j£a .(Ballistic magnetoresistance) BMR 4 Ялз1а]1 i u jLi*U ! <ajIU! 

jji tijl-iix x> jjj t (Js! j! 10 nm ]! i-iij j-a L-l^, JJ» (JjjIaj (Jju-aa. j^ia. (J j*-3a]I 


^ULj^U! £_ijJaji]lj (J^]l liA j-o CIjLujIaj £_ix-a j^AJ . jJJj! jjj.li.la. 

ja j .<1л jia jc.! A*Ja3j !л^. jjsj cilLj jjj jijLul! ^^ajj Lna ^(Electrodeposition) 
LjLa ^lii Lijc. ^LLj^ll! ^xjjia jll]l aLac. LLj! jLu c<Laj]l Д_л jlL La! ja (JjLl 

Д j^,VqH 1* л \\ <ajLa]I CljL-aj u-al jjl.! ALjla 4 a1ij . 4 nar л Lu3 <Laj]| 

iij t !ia ! jjj£ jjL jl *L jlLL! iJjxLL jLu . jj* Aj jjSLI ^iuLja]! Jj-aj]L 

CllLaj Igi! ! jlli ^j^axJI jj j 6%3000 ^j CllLaj LjILa]! ^Э CuIjjLj ^CllljAaj 

jLu Aj! jialjjs! ^Jj c" 1 Л Vuxil iii IgiLL diajla (_5^]l c!j! jjjoiali]! Ll !%100 000 ^j 

ILaj <Laj 1-^ j^^ 3 j^k (jAjia Domain wall ^jLi* ^ JLa jlia j ^ 
C jjjj j! jJa JJC <La j]! (^Э jla (^ic. jj£Li]! l'n> jJ-Uxa ClljL ! 1L . jjjLa]! Aj jjL <L-a j 
jjxjjj c<Laj]l jJC. > jjJali ljc.j .4_Laj]l ^^Э ju-aa-i!j (JL-a jlla (jjL 
jl ^ V4j . jl ,ул\\ j! ia jA ^Ll! j ^j j li]! ^^Ас. ^иШ! Jl*il! j ja£1! 4 L * J jj CuL j jj^]' V ! 


£_uiiA ti]liA jjLi L_fl jjuj VJj C^aJjij]! jILjj! (JjlaJ LjjlaA lia. LLj JLaI! j!«^ jj^i 
(j] j cJLa]! jlia (^ ^ Li* a\\ J^aI! oLiVL 1, g ^jj-L *La jj diLjjj^]jL! cii^j]! (jA 

jjj jjj] li^ Д J,Vq]l 4 ijaLllajx mll AajLa]! jjxLo jj . ^LijoLllajxA Да jIL (j! IbLuJ 

JIaxLa! (З^э 1 g L ^ (_ji]l (J^LLaJ! jA jL] . ^-unlajxA]! (Jja_ujj]! ^э 'Ll jil! 
(J J*i-a jl cilL (^j U-flLjaJ .LiLj (^^g-L. LLu Д -La jJuJaA ClljL-aj ^ 'u-a 4 \k f\ 'ojAUa]! 
j jxLL! I L j jfL (^L! j c jLxjjujj/l 'iiL. ! jjj^ c. '^* x>>j Ajaii]! ^ll LajLa]! 

SlC- ‘LliJ (JA йЛл (JA j]! (XA !la IjSJjuA jjfLi j! . V>J ca^-lji]! JJljjj (_j-3 l'\)L 

. cii! jjjuJI 

'ijLaJ! <j-ujjaj*A]l JajLa]! Lg_i3 CliAj-aj ^ji]! Uja]! jA (XjLuJ! L QU-all L! 
l_jjLa]I (Perovskite) ciiiL-uiijjjjl! LIa j$i (Colossal magnetoresistance) CMR 
jj£j j! i_ji!jjuii] j^Ajj . Jlijjl jj*A jA В j jii (^uJaj! ju-ajc. jA A c" п*ч t AB0 3 
^^-JajVI juAijxJI cii! ji jl^A jau ^jil! Pb j! Sr j! Ca j! Ba Ц^а jA juuaLc. jA 
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.LaMn03 S! Luiljj SjliaJ! AjwnlVi» a'! <-QjlLal! LjLijl^uiqjjjj jii£! lW j «jjLSl 

г Л 

Ajjouiaiibal! Яа jIIaI! jA Lc. jj iS-if* <^^11 ^EuO !! (JjU ц-о tuj^.1 l^L^ja ^La j 

ajjujI£ 1 LjLijl£-ui3jjj Ljjii Lj^^ cjiia! ^М^^аЧ ц^1 tl$ jlc- ^jijAll jjc. SjLall 

.iJUbjVI u^UJ! 


jj£j!i] £jl jj (J^joi ^^Ic. 4_iic. JjL LjUalaa-AJj UjAui]l Л jaMLj jj-M! оЛД L L-V‘n 

jljlaljj t Jj! jxl! j Ja! jjl! jjj Lajs AjjjL CjV jVnj cSjl jall I_a.jj j l-jjIjjj]! 

^gjxJ! 1лА 1 g Jc. ^ajiLj ^jj]! ^Ljjill L_L-ajjj .^SjluJaA 4_jjjA^j 4_jAj.la.j Aj3ja 4_jjujjIai»_A 
AjJlijjV! jix-J 2_Ua j Ljc. AajLS! Ajjjj^W! AjjjJ! Ajxjj 6 UjUui]! ■ jqaML Ljaj! 

^lj оЛ jjLL (JjUS! >.s*\ \ j ;La jju-alij]l tiiL L_L-aj (JjLaj j] . Llijl£jui3 j jjj Ajjj jAjJa 

.^jjJaj-L! IlA ^^3 1 >л>л~\ i jj£| l_Jj£ 


L$j3 (JIaj ^jll! (Manganites) CjLjjLxlL! ^ <jj! jj CjL£ jaI! jj£! JxS j 
%30 "Ljj j-o ^jjl! t<jJai^j-L! AjLujV! CjLjIuia jjc. .B ^UiiVl jJxa]! Mn jjjxiAl! 

^jjuuIajxA LajIIaj AjSIc. oj! j^. Ij^jAj MjSIc. Ajc. jj LajILq ji jjla л j! 

\и й\1~х\я a l_i£j-L! ^lVVn Sj! jall Ju^.jj jjaLiaj! jj^.j .^2.13 (J^ jjll jlailj l-la. a jj» ksi 
jjjj C^^^ic-V! цл (JJJ^ Ojlja. La.jJ AjjLa jia-J • T c (_5jj£ Sjlj^. I_a.ji Ljc. 

(L ‘T c (j-Q LxjjS T m aj! ja. Iu^jA Ajc. ^^aJVxI! 1 g"iA j ^I! jj-ajj Ajc. jj]l La jILJ! 

iT m Aicj • T c <." 1 V‘i AjAjAa. AjjuijlajxA LLxa l_i£jaS! ^Jj-aJj tHjLb <C.jjuJ jiaiajj 
Iu^.jA jjaliaj! ja jjjAS! £-aj tajJJ^ IjSLuj ijji A-jjujjJajx a\I LqjILaS! ^^3 jj-aaj 
j! (Jjj-aL! A Uxi jla 'i» aII LajILaS! A a }М j^AJj .A jui jla'i» aII I_AjliA]! j-aSLjj tojljal! 
I_aj\LaS!" AjajujjS! lIij! La jAj ‘ SS* 4-^1 Ц* Ajuj! ^jia. (Jj-aj (j!j Mja. SjJJ^ jj^i 
Aajxj A ) a j jli j» aSI I_a jUaI] ^ aI*»» II 4_ajL! j! jA L (. LjjjJ Laj . o jLal! A Ixj) jla'i» aII 

.Ui]j Sjlj^II Iu^,j^ jjaliaj! £_a LL! jjjjj lj^ja]] (Jjj£ ojlja. L^.jj (^g-L* IjJi^ 
jjfL cAijil! oj! ja. La.jj Ajc. L^j3 (Jjj£ Sjl j^. Iua.jA ^ii ^jiSI ljL^ja]! IILa. ^^3 j 

t flLuii^l A»Jj cAjIAjS! ^^3 . %20 — 10 (JI^aSI jAjja A jui jla'i» aSI Ma jli a\\ ^g-uaSVI Aal! 

^IajAV! (Цл JJ^SI A^cLi jl£ CLjLjLxjA]! ^^3 ojLal! A u jla 'i» aSI LajUaS! (JjC.Ua 

,а1 <C.Lix-a]l jAAajj ^alj t(Ju-aaj ^al (jlSi j^S .A Ja jjJajx a!I Ssljill (jjjjj L^LaxJjujL 

CjUljJuJ ^^3 6*1 jiS! (JJJJ j J (JjXuujj Sjlja. Iua.jA j! jA tiiSi] AjuuJjj j]I L_jLjujL/ ! A^!j 


509 



Д_л jtLo l_j£ja (j! -I^jj V j . jil^ 50 — 10 J 4 jJ -п^ч J! dj! j^_I! A^jj ^З-аУп j-sa!j3V! 

djLoLoj-a j-o (j jL.! diLlij o jSjj Lo йЛА £j! jaJ! cIjL^jc Aic. j 3 jj SjLa. 4 u i» ^ 

.^jiiil! 4 uxnJVi* л\\ A-ojlLol! j! aJl^LaxI! 4_ajLLa]! cJJ ^jj-iil! 


•J 

•J- 


0.00020 
0.0001 8 
0.00016 
0.00014 
0.0001 2 
0.0001 0 
0.00008 
0.00006 
0.00 004 
0.00002 
0.00000 



100 200 300 

(k) » j* j^J' ■L. j-i 


400 


Д,. „J'i л" 4 _a jlUI 4 iuuj (j-iuujJI AjC . jilt 4 _л jlUI ^uij 2.13 JSuull 

. i _ jjJui jjjl iiltl SjljaJI k^jj 4 JVJj (jJaljjii) JaaJI) 


4 Ajaujajjb Л 4_а jLUII ~ й ‘ UjujV 4 . L ' IVij Л JjLojlajJI J-0 JJJjL" I ^jjll Ul 
(Jt liiji ^JI CjUjlLall xxaaJ li^Lkj .(Enormous magnetoresistance) EMR 8 killgJI 
jjj.ii ^1 c.j AjCj^. jci j! j-q ^.ic. <LL^!! <-qjIL<i]! (JjxLo -icixj V iLbj£c 

jA Lb-l^.! C C_jLjjj! £.1*-! 1 g'jjjQ&l! jjJJ !Lbj . (^-^jt-L Lb A Я-)1 <\J 4ju.lj)-a \я Jftl! 

<Lui j^C. <jL^j-uj! A ) a j J^a \я xtl! Lg_i3 L . nVuCi o j^Uxijq Sp! j3 jjj jjj ^'ил !л^ с__ 1 л_х-л!! (j-o j! 

CiliLa. ^gJc. (jjiaCi j! ‘(Barkhausen steps) jnjLk ^ j^H oLajuiaJ! cIj! jiil! jj-ij 
. (J jV ! ^»LLa]! ^э ju jlai» /j jjij] (j j> <q (^э <!£jobo (Jj-oj V tC!!L (j! ^uCa! j!! (j-o . Д_^. jjL-q 
< jjjj ccjij cj.w a ^ unJa'i» xil! (jjj^-aI! ^ 1 Д_)1 Vuj.iV! cjj!i j! jA ji'V! i uj!! j 

ccjjj ^j-asV! (j!jj«j!! ^cji c, w'ij j C(j!jj^!L ji-o Vi ^junl-ai* x>l! лА V'uxiVli - ^_, “jL'i* ^\! 


JU-L! ^э ^xijj 4 ц*\>*И (_^ JL*i!! ^Li£Ll! ccjj]! !La aCIxjj . ^-uijJaix-o]! jjjj]! 
dila!jjui CiLLiJ! jjL. diVcx-o 'icLj 4_i£!juo £-oj .10 GHz GHz AxJoj l>* 

^э c_jjjil! Jj3j_ula]! ^^э jL_ii L_fljjui LjL cA_i^Ja-ui]! 4il!i£l! jL^jV A^juiJajx a 1! (ja!jiV! 


J j*-i* ^ jL • (_>o^-aI] ^-ujJajx-o]! (jjj j]! j J jjj ! Jj.W a CIjLLJ! Jcx-o АлЭ j jfL Ja-oj 
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. 4_ i^i Jiij^laj ^.лИаЛ (Нз.11 cffcct) (Ja (Jj*iA (JLajLIujI ^gic JJjLgJ! A Uj i)Vi* <q1I Д_л^1да 11 
t(jA ~N \ ^^-AjoJJ l ~N ^giajLa. (Jia. £-0 Лл1л11л jLj 4_l3 ^)AJ (JdJaJjoLA ^Э jj£liJ 

АаЭЛалЗ! l1iLjjj^]V! (jl jA L_lJjai]l j . ^_uuIai*-A]l (JiaJlj jLj 3! j* (J^ £-° AaL*j-q 
cJa^JI о-° ^hLJI (Lorentz force) (j^Ljjl SjB ^j lJjuj jLhI! djLLaiL 

L-lilja. jjJj£]VI ^_L-aj3 t ^ 1*4 n jjjj£]^l jLu 1 A JjJjjjj] 6 j3 (Jx^J J .^-utJajxA]! 
£ Jjjjj Л d]|j LgjlWdi ^£!jj (_£.ijj tL_liujaa]l ^lc. LjljjjjilVI ^£!jjj La.iic j . L_llJaa]l 


(JiLaJI 0 Jx-aJ бЯЛ_£_Л (^Sj . ^ x jiii» х>11 JtaJl £-ej jl_n3! Ал1лИл ^jLj^S (Jia. 
. — eE — — ev x B iUUj jjiijjj] Sjb a . ic Ajdilj]| o ji 3 l ^л_Ь j Lj^ ^jLj^II 

j-oj jLill juLlL V h = BI/t (_£ jLuj (Ja л^_а jj£j j c/ jLj! 3 (jidj 4_а_пЛ j 
jl di]j jc jjj^j]] (JJ^VI ^LLjlailj . L_lidoa]l A£Luuj ^ c." n-s. *, jJ-i'i» -<i\l (JiUJ! 

cJj^j .90° (j jLd i?(r) ^g-UuL! ^jLj^I! JiaJlj j(v) jLaHll AiL£ jjj Ja Ljlj 

.iia. cJiLj jJjA-e (j j^jaII L^jij AJiL L-L-aj <aU L^js AjjjL Ъ jjg VI (J-wcluij Li! jVl 

^l tji Aj^j^J! tAJaLjl! L_L-ai <iUJI .(3.13 (J^dJI jljil) !>L-q l_jaJ 1U !.ia. 

tan t^g-^jLaJ! ^^jjuiajx-L! (JiaJ! ^gic A-oLu (Ja Ajj! j £ jdij ^gJj c jL-all jc. L <aLVi 

/#\ 

оЛл x j tco c = eBlm* y '^jjjjKboJ! (_$j!j3! jjjj]! jA co c 60 = co c x 

^э j^.1 ^jJj 4 -ijU. j-o IjLj jj-<^ . ДЛл_а31 Lll (joU. <li£ m* j ^LkjlujVI 

jA j£j-«J! ^э l_iaJ 3! j! ^Jj I jiaij .<aUJ! (JjIula ^Jc j-<\c cJ^ (jjL'i £-o cAiUJ! 
.L_lAi]! J j-la. S-IaLlIa jl^-o ^-Э ^Lj^l (JiaJ! iajlaa. jj£j c^Li-o (JiL LujLuj! 


i ^jLj^]! (JiLaJ! Jajivs (J jla (_gJc« jl_n3! (j^dil 6 (^-uj^Jajx-g]! (JiaJ! ^a! Ixi! Я31_а j 
IjunJau-Q biia (jV! Lija lili . A-ll^Lj]! оЛ 1 ЛиЛ l_iaJ]| <а]а1л Jjc 4_1 Л jjj£ £ j^. (3^^J 

jjVa^il ^_л Ll^. a !ал 1 л 11 л jLj]! jjfL di]J 3 a > j j . 90 ° oUiiL j^ Vi (Ja Vj' j u^ .bjS 

jV j£ jJI Jj^ c5J=J u' J^' u' J*0 -(^^j^'j 

j A-J^L j! ^Jj ! jlaj j . j£ J-<J! di3 J jc jLni! Ля n 4 Я1и^аа_А]1 ^^Э c ^g. uijJau a!I (JiaJ! 


Д-а jLi-oJJ j£-<u .o jjg vJI A_Jlc jLa iiU. oU jj£i A-ilsLij iijli-o AiixjJa (JiL3! 

4_Jlc o jjg Vi oUj tAj-«JL lIiLIa оЛс ^gJj (Jj-aj j! ^ jjJI !U (j-o р jjg ~чМ 4 ‘l* aII 

i~sj (JiLii! l L-a'i jl ^g^.3 Lgj jjc La! . ! ла. jjaia_iA ^t-iauia ^-q ! лпЛ c" j-o <c j-^J! 

L_lajj ijjxj-sai! оЛ 1 ЛЛ 1 g 'ijaYi (Jiljj L_flL-ai! oUj .Aj^jaJ! ^lcj oJj^JI ^U. jj^J j! 


(j-ijlauLQ ( 




elajl I JaUua djauj Jja-uLc JJjj jA j jiKj > nll JJjill 


(*) 
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(Molecular Beam Ailij^J! Я -oJpJb AjjjIJI 4jajJ! с’ il jVq'i JLajClujb SjI c 1 

j! tiUJ < sLjaj .<aj*_Jol! 1 g'n-sljjj ^ ш t\\ J-c-l u^i'l ^J Jflj]! Длд-иЛ Epitaxy) MBE 

o jjg'VJ! j»-^. ^^uJaiflJ IJa j 6(jJa-J! (Jfl^Jl a jialjJA jj£j Ajju^Jajx-ol! А-й jlLol! 

Ajjljj jli^jV! j3jJ jl ^ 1 ~>J tUlllaj .AjIaLJ! aJL^J! ^Э (JjxjjjjII ^UjL» j^j ^^lc. 6 jL^-Ia 

(J^ljj L-fll x^o'il ^Jj A^L^Jl .iifl^. j)-o fl£jj uiL .co c т =1 jj (j! A5° j^-i (jjLuii cJ^ 
.VjLla jLaiVI JL^. jjfL т 1 Sjjj^ Я-аэ !«^> AjIIc. aj^j^. CjIJ 



a_iA (jj£jj . LjLI^J jjj! lj!j AJjIa Ajjjuiajx 4 4_л jlL» S jj$ y \\ ^a-ua-a ^luj 3.13 JLLJ! 
.AjMjI! JjjLj (jJjlaj Sf jIauj AjjSjj AJ! jb-m! j -л t fluaj ЧИл j-a S jj$ УИ! 


JjljJa]' SiixJA 4 Jj 2 j ^ AibLax)! AuuuIajLJI 4 _e jISlJI 5 . 2.13 

Giant magnetoresistance in multilayered thin films 

<aj 3 j ал£&\ ^э GMR aJl)La*JI a uj iL»j» л\\ ^LajLLaI! (J jjlLq jV! ^ »-oVhj i t ajjuj 

^aj^.j jj£j С И П^1 оЭЭл11а]! djLfljla]! L-liijJ j£-aJ . (Jji-saflli]! (j-o c^uaiJ 4 ClilfljJa]! бЭЛлЛл 

. ^.jaijLi» а11 (Jfl^JI ^lfl»_il jl^. (J-u^L*La j! jiJ АЛ Uaj AjIIjjJI 4 jL»j» a\I dj!_flja]l 

jj^]! jjfLi l" \ 4ji. jLi» a jj O <L-ali <flja] 4 *4j^ x-o'l A^Lojoi]! jLilkL Ul]j jfl Vnj 

jjj L .UL, (J_alill jjt j jaiiL Jjj Exchange coupling ^ 

(JjLaiJ jjflj ji£Jj (J->-alfl]l AflUa ^Э Ал]э\_1]! CllLjjjil! ^Jj_ii]! jjfl]! IflA ^Э JaJj-uj]! 
ЯшЛ^а Co-Cu dllflila <JU. l^J 'L^-J (j-aLkl! ^oaji ^Jajuii ol,]->» a\! (Jo-aLfl]l AfliLa A^Luuj 
L ofljc. Ifliflioi SjLja-Q Au jJ-a'l » a jj^ jjflll jjfL 4 (JLia]! (Jjiui ^^^Jc 1 1 j oL^ii^L 

J^Luuj Aic SjLia-a]! 4 jjaijLij» a\\ A . liL b jjj jgJalij .8.5 A. j^i (JuL^-j]! J^Luuj fj jLuii 

•20 A j^-j (_£jLuii c-hL^-j 


.AjJjJaJ! 4_bouiaj»-ft]! L-ic. ^Vfi jill a jj\-v"iaI! dil jjl! ^ diL jjjfilYI (jiJ <]с.1а11 jjijjL j jfl 
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C ll. LJliVa L ^)А9_3 l£ jfi c S*J± (JL^. jnlVnj 

(Current (_£ JIxmjqH Aobt-o jbj aL£joiJ jbj jjjaJj .LpJl^JI 4j jlVia aII 

jjL jj tCurrent-In-Plane CIP j jLaaI! ^ jUj I b^Ui jl Perpendicular to Plane) CPP 

L5^ (J^l J-° JJxj £- л 6 4_1 ]|,‘‘па11 CO II (JjliiLa ^^Э jJVxaII ^ Ui.i"ill 4 _i^.jj]] btjj Д_а jlLcdl 

Л$ ~n jjjUi jj^.) jUill 

(j j1ula]| fjk jLuil 4 LLuu ^yi AjfcLa*]! 4 11 VajLLa]! 1.5.2.13 

CIP -GMR 

Jjia ^^ic. 1 aJVia ^bj^ll (JL^il jjfU ‘CIP (JjLolaII jUill Я11л, 

Ijjjalj J^alll j* ^jll cJ jIuiaII jUill <LLjalJ L_ljl ja. Лл.1 J . (J J**U J.lXl'1 ^ (jill CiLVjVI 

jjj^il jj jLulaII Ua-ujjJA Aj 3 jjfU (ji]| cilli jA Lg_ia ObLaxil Ajl jiiiat a\I A_ajILo]I ^_э 
jjllkj лУп^ .Llllajla]| a£La-uj j-o I jji£ J&\ ^giLaill j (J j]*il jJAJj.lil] /j J (j^J-^l 

(ji]| oUllV! (Jjla i_s^ LgilLiil *ljjl ^Э jjatjjj jl jjJj Llia-uij Clilijla оЛС. LjUjjjityl 

Jjxjill (J^x-A <JjujLi1a ^aJ jJj filii (j£ Lg_J ^-ujj ^Jl LajILqII jj£j ЛУп*Ч J . (J jJjola]! 

©jj£ja Co/Cu Alfla ^ ^g-Lxujjl! ojjxjI! (J^XA ^lax j UcJ .aUi cj£ ^ Jlxill 
<]Ajoll .^AjlLoij 4_iii! j (ajjIc.^ 4jjj£! UU-a ^glill lIiLqjjJjI] l/i|j 1/T| jjjAjll 
ЛУп^к AJjujUIa (jRj) AjI^V! ^aJ jJj oUi j (jR|) AjJJ^V! ^aJj^J SUfi LajILa jj^j ijP Ajj! j1a]| 

л 

(J jI_uij 3 6(jjl Jj]l ^^Jc- ^J jjj fiUi <J ^UUJJ (jill jUjll ^-Q>\]J *1/X|J 1/T| J 

: UAic. Aj]£]| Д_а j]l1a]! Д_а j\La 

вд . 

/?(P)= — (7. 

/? т +i? x 

^Jajoij]! ojjxji! (J^xa (JjluaJ (. a j -иаЭ t(AP) jj^Ixja]! ^jt jj]| aIiLUj ^Э La! 

— II Cjlilla L 1_дц J fjjj сг 4 eljs (jV 4^р/т т +1/т т ] eUa JH 

c^jjJjII LjiLajU Jjxii]! ljUx] a yf \' i j C(_£jL.I ‘ijA j . jL.L/1 l L-Vll ^^Аэ! ^ajj.ii j tCo 

j P(AP) = 14 [R| + ^-li^il LajJViaII LajILa jj£j j j! jji! ^i c. jUi]! ^jjJj]! ULi3 jLj 
UjLula AP <LLUJ! ^ij P vliLujj]! jA jlLiiV! jj^. LajILa]! Яа^э ^э jj*ji! jj£jj .R j 

:_S 




A R = R(AP)-R(P) = 


(я,-^) ! 

Жқ+Х) 


(8.13) 
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j < Э jxji ^li]| t<a!>L<ULll 4 lAjujaj* xjl A-ejlLall Алх^ ^Jaxjj 

GMR = [R(AP)~ R(P)\/R(P) 

: — j thin limit JjA J Jc. 


GMR 


thinlimit 


H*r - R 0 2 

4 R'fRi 


(9.13) 


R(AP ) - R(P) _ G(P) - G(AP) _ AG 
R(P) ~ G(AP) ~ G(AP) 


(10.13) 


j) .AP LL^Ail lj P a \££. ill J AJaUll Jl jill Jc U* G(AP)j G(P) CLu*. 

C-jA^all lalxjjJ 1 AJJa. <j V j' 4<j jAill i.i il -x',11 (JLtutJxAU jLtt jjLI o jjkV 1 4 « 

% 

4 jx jJVia jqII 4_ajLLa]I SjLuij ^Э ->g ui'l V (jL! 4nC-jij]! CllLojlLall (Jjc. (j^ AG LS^” 

.GMR ЯЗХо*]! 


ЛлЭ (jjfL (_£4SI M iCllAjai]l'' -li_S! J^ -Э lijl jj£u«l]l "(j* ij]|" ,wll (Ju£L*_a]I -li-SI LqI 

Л s f 

А_1]э1л]| (JjoLtJ C tillAjui]! -1^_S! ^^Э . <iiLa]| л£1_аху j}-o I jji£ ^)ж >.si\ j^-SI jLuiaS! Ja-ui jJ-q 
L_ alilaj-al Д -SLa. ^Э (JjJuiaS! ^^Э jLjS! 4_iMi j)Ji (_ЗцЗ (jua ii]LiA (jjjSj ^^jL-a 1 g L-a jl 

. GMR thiclimit = 0 j_£j ILl .(_>£L»lttll (_5 jljittllj ^ jljlJI ^jxll 


j jIuoaI I IaLla]) jbill 4 JjLuu Д^ЛалЛ 4j<unhit o]| Д-А JII4]! 2.5.2.13 
CPP-GMR 

LSL^. (j-o lAjq»1 jj^! (CPP) cIiIjjIuia]! ^.Sc. Ьл jac. (Зэл1а]| jLjS! Я -jjiij jfLu 
jLii]! jjfL (j <* . i>j (Jjjj.ua!] AaL*_a]I jLnl! LSL^ ^^аэ .CIP ujIiuia]! (^э.УчаИ jLjj]! 

SjLa]! Cj^. jjc- cIuIj jLj ^^Ас. -1д 1 . ciiL jLiuia]! £_a лаЬс1а]| aL^nV! cJ jL (_^Ac. LiiL 

iib^Aii j-aj\ t/il II ^ luuj CllLijlAll ^ jJaui ^JjCjj Vl^ ui ^! JJ oCLc. ^ lUa'n 

jLj (jA l^]La jjnS 'OV (JjJuia]! (^Э (jLS! jLnl! Д]\-^ ^Э Lj^ja (Jjjl ILAj . CnLliial] 
CnLc-Uakil ti]\nA jj£j L 3 jao ti^]]L] Л 'njVij .CnLjjuiAl! (^Ac. (JCjax]| oL^nV! (J jL (^lc. 

C(Jj1_uia]] ла\_ха]| jLj]! Д]\и^ ^э CnLijLJ! ^ jLui л!с. (j£Lui]l ^nLj^]! jjA^ll ^^э 

Сп\_а£! JJ jc. 'n Д_п\_пп£ jja^ j^.1 j^. Л Дэ\-Са] t^SaJJA jjo ^Lj^ (Jl^. \-^_аэ! jj 

. ^аП jCjS! j VlA uiSl 
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лУп^к ,bjjh"\A 4_^-1Lxa \\]гк\'\ LgjV tdjlAiixIill tillj ll& Ja^I jxm 

(Jl-A*jjal\j Д -LaljaJJ (JjJjoIaII Лл1_*_а]| jljjllj Aj-aLiJl ЯзЛ-йлЛ 4 JbxljJV'l* aII J-OjLL<Jl C L^i J 

A_nJI (jjiij jjLkiLall cinl£ lil cJLIaII Jjjja сз-^*- 3 -Fert cjjij Valet ciilli ^ j j-<j 

^OjAi (j-ojJa i^JjJjl! (^Lli jA (jl AajUaI! j! jLlJ Ij u*ij Jgajll o -0 t^jijjj^lV! 

i j ^ )a»ii c^jUI! Aiui jjjjLiill 


K=- A \dz? a (z) 


(11.13) 


AjC-jii! <ajUa 1! Po(z) J 6 jLii^! (j3jj (Jj J - алЛ (_£jJjaa1! <L^Loia A *>*’ 

LjjlI diil£ lil lil .g ^jjjjl! Cj|j CjLjjjj^I^U ^J^aII ji»,yill J.ixa ^_a <^ 1_11 а 1 ! ajI^-aI! 
Д_а jLs-aII (jU 4 <L-£ali CjLilLa LgjjJ Jj-£aaj _/V <_£ jLaJ IaCC- оССлИа 4 j.li.la. <JxniajxA ClAijla 
; J ^Jaxi jlai» a\I CjLlllail (J jIjJaI! L-fllilaa-saV I ЯИа. 


R(P ) = 


Mi 

R i +R i 


(12.13) 


4jx jLaix a\I 4 L«alill CjLlllail AjI^-aI! AjC- jjl! CjLo jUaI! aJV Л 1 R 0 4jLi£ j£aj j 

Ujv J t F t Рд, J р ғ a JJbj 


A/? g = Мрғ, a tF + Pw ?лг] (13.13) 


/?(AP)= (4 J (Jj^LxIaI! <_£ jl jJaI! L_flliiaj-aV! ЯЛл. ^Э Дп jIIaI! ^Jaxi .Vm-\ 

*C5^] С^АЗ* 


GMR(CPP)- 


1 (*T ^l) 

4 R'fRi 


(14.13) 


AjnjiaixAl! 4ajUa1I ^Э <aJj-uL-1! o jjxjI! JjC.Ua VI jVl jjiajj ^i 

(^Э T|J T| jjjiiia-Al! 0 jjxjII e-Lkjjjujl ^^jIa JL^la. jA Jjc-UaI! оСЛ (JkJjj .ЯэЛах11 

Jj-aaj 4_i3Ljaj ojjxj ijlLiAj .^^iij-ullj (Jjlxl! jjAJjJjil jnAJj-aaJ! jjnc. jill jjiAjUAl! 

^iajaiJ tijLiA cCoFe ii -аЭ jA jjjj£L! ^adaa-aj 1 ,a n -ч tA^Vi-s aII j! jaI! jjj Сп 1 _ 1 п 1 а 1 ! Aic. 
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^ I jji£ LgjLoOA ^ jji^JV! (jUail! АлЬ tlulS I jli .Cu II j CoFe II jjj ^SiIaII 

^U. ^^lc. AiUall jji^i .lic. ^IaIaII jl j-o (JjIaa lg-1 LIL^. dlj^-la t ^<61^11 л 

dilaUajll jjj (j3l jUI jl£ lij tjjll j-o .Я1 j^oij ^^jIaJI jjjlSJVI jU^jj c ^SM aII 
jU^j UoAjc. I^jI! l_iaLjJ jjj&bU 4 _^.Ua CliVL^. tUliA jj£i ^l jia-UI (_ja 3 tl noii 
4 j^j jjA^ AjkjJ jj^Ja ^^3 !1л CllUUajl! (jSl jJ ^аЛС. (Jjxi-o ^ljljj . ^чМаИ 

<j-ol^*jl JUj^Ij cljjij-a ^iiLUI jjjj£JV! jjUj JLqj^.1 J* Vi ^ i'iUII .lic. jjjj£JV! 
A qlj -ч^ ^ja ^Ja-uj Л^С. ^liU! ^aJjjjl! j (J jLtl! ^Jj^il! CllVL^- (j! ^-1] I jlaij .! Jjj£ <JC. 

(j^J ^i .ii^. dilaUaj ji! jj! Ajjl^oV! ^iii ijlli jU iAjjj^J! 4 jxxijIWaII U j-U! ^ 

д 

^jxxnlvia a Д_л jli-o (_^^fj ^jil! U j-UI l_jj£! jj Ua! .(j jiV! sUSll ^ jjAu j c^ajjijl! ^jiUS 

U-o^j ^jill ^jjJjI! Sliii jj^. diliUaj (ji! ji I-$j 3 jjfL (jU! tilli Sjjj^ Яз!)1_ас. 
^gia .(jj^.VI ^jjjjl! SliS Ujjoi jjfL jUail! (jiljj j! jj^. ^ t^jiUj^Ul! jUil! a 

t JU-U! (Jj Uxi Ic. cCo/Cu I! j-a Лс> j u^aII Д1ЗД_ал 11 4 Uxi jl-a j» aII iajliUI Clll_AjlaJA 

ji! ji j iij^V! SUi ^i UjjSS (JUa diliUai (jiljl ^.jj t(lll) oLvjV! ^ j-<ul! iUi 
^! ^^ijLU! jj-^ jc. ^Ul! (jU ijjV! jV /ill (jjjjj .4jliV! 'iUi ^ ciiliUaj 

Ja! j^. jjc. jial 'il ^ uxii (Ji! jUi ^] (_£jjj (jiljjjV! jjxjjI! jV tiAjli-UI jUij! 

^_U. <Ajlil! ^^iiLUl cIiUja^I ^aU^all (JjxiU! luLujj^.! ji^ .^LqjLiiaI! jj*i ^jil! a w xUI 

Г (5 C^aJjJjl! ^lc. ^ajii ^ilU CllLc jlio LiUiaU UjjSl "Uj jjiilV! A_ljjll jc. ^Ul! ^aJjjjll 

: o^J • R :„ V 

Ai? G = Мрғ, a £ғ + Рл? + 2 г 0 ] ( 15 . 13 ) 

^j jii (JaU- UV ^iiLU! Ua jlio jc. jj*j ^ j jg » aII cii ji — dilli ^ i jjj j 

JaIc. (_^jLaj cCoFe-Cu — I! CjLojlaiA сЬИаз . r +cr = r () [ 1 + y] — 1 liij y jLiUjaV 
А, ixxiiLii» aII Ua jliU! (Jj*ia Jaj-sU j^J **>)J 6 0.7 J^j lib jlaUjA^U! ^aJjijl! 

.AiX«a*l! 


lS№ oji*J (Jj*ia jAjJaii V Ua <jJajj*UI ALijxxnll ^iUiill j! la^bU Ijji! 

(jiAAll jA j .oilil! ^aJjC. (jjjUil! jjAi jA (Jx/Sjj ^aJjjjl! (jiUS £ jaJ (jil! ^aJjjjl! 


.Ua tilli ^i jia jii jl Ui£J C^aJjjjl! L_l!iil 6 JJ*J jAjJalll LJji — dllli ^ j j-oi UtJui ji 
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Read heads and MRAM 


Spin valve read heads 


Abuuia \%a\\ b Sf) j&M (jMj jj 3.13 


^jjjjJ) Lj)j S*)jjaJ) o^JJJ 1.3.13 


(ji]l j\jj]I JJLa. cAJL/LaxJ! AjAtnlnj» a\\ J_ajLLa] 1 с." Uujl cIIjLuj j£J LaI \1э j 
(Jj jjjj L^LaxJjuiV Я_)!_а£ J-jujLj *4 cCl)lliLa]l o ЛЛэСпЛ Cl)Laj)Vixil ^^Э CIP (_£j!iuia]| 

jl oj^LIj . Л jxi jaj (jJc> J-ajLLa]| cllL) (J-AxllujJ ^JhCu-Vi jA ^aJj-ii]! ^aLn-a j .os-ljS]! 

AjjIj A .идОУл.л Cjli 4i_iia j xijJ-ii» л (JSaJ l. nVuti'i *o.l^.!j AiiLa tilljA jj£l 

Ajju jLujL /1 A_nJlj .Aj-lilaJ! AjujiVix х>\1 CliLajIall (jjj Laj 3 jjSil (j-alaj (jlj cL*_^jua (Ja*j 
. Clnlj oUnb \ gju *п)У»л 4_Vn (r) А\я ~n juj 4i±La lJIjA V jl .A_JLill q jjg V'ill oC^J 
J_ij\j Aj^j^. AjujL'ixx) VjLa \,g j'"i j б(оЛс. Cll) А_пЛх_л <L-a\i Vjia 1лЛзи ^llLj 

^ ^ i xi j 3-a 'i» л (Ji^J Aj\ V'u J J^jaJI oj^. ojjLV! ViiLall oJAj .(F) oj^JI Viilall 

(jjjL Ul (jjj (_£ ^JcLj (jji cJIja LjjLj VI )>j c A jjojLoi^JI ScLj 4 j»jj • <_£ jL^ll 

i Cj\ qj^iLa'jll оЛЛ ^аЭ ,<JC»\ 'u-oH Clj\,qj i)-a"i\l ^^Э ojlc. 4 K Jxix> l" u xij\ dJ&j . A \я ~ч^Л j ojaJI 

* 

Ajal£ Aj fi -ч Aliiall 1 - '1 jajl ^ U."| "iH Sputtering ijjjjll а jjjj.ui Cjlkiiall Jajj 

* s * * 

AJjjia]! 4_jj J‘)4 11 l. 1 Utl *1 C(JjL.I (_JA .IjJJ^ \ x--ajWl djLlllall (jjj ^Лп]! (jjSll (J-OjWJ 
jjj (Ne'el orange peel) JjL J\iJ jj Sji^ jjL ^^-ajuj L^ i^iiLJl CjL^jd jl сЯа. j^JI 
.la. !jjj£ UjSJI ILb (jjL) VI ojjjj-la oLujVI )>J U]j cA jxjjLa'iat a\\ Cl)l_aLa]| 

. (Jjj La JJC. 

t> o > 

.Vj! £jL A jiia o jj^jll ^^ic. £uia jj .LilLjll 4 jjiLall A_mllj ^aJjd]! c. LAjj 

<ajL j-o (jlajxilj c jun]| fiUnl J jJa ^^ic. AjCj-oC. AjnW 4_nj ajlc. Cl)LaLa]l ^^Э jj£li) 
cjlc. (111) gjuxij) ^Ja-x-all (jjjUI 0 jjun]| jj-oLl] JJ^I CnLma. jun jjjxj jA o jiJI 

ja_j (jjLun 4 ж*ч ^~n ^ Lx*i AxjLui SjL <aLa jA Ta ]!j .(jaj] 1 claj! (JjL ^Jc. 

l" l\x)»"ut)l tojjLVI <j jVI is^J . l^ijS dLaja]! Cl)laja]l ^Э d)! jLa jj\j]l dljjuiC. £uJaJ 
2 _ua Ал\лИл oLdL ^Lj^LJI (JSjJl jjL)j . jj£! d)\, ij)*\ j-«n j jxj L^jV NiFeCr ^Lajvll 
. ^aJ jdil (jlLS LiK ^ Ajc. jjl! Д_л jlLJl ^ ^иип djLj dLinaJ! C j.la. unjjujj t dLinaJI 
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jjaiau ^aUjjuIl jC 4 Iq'lm-Q ojJAJ (jl jV Lgu3 LUjCja jj£l (_^Л ^^ull С1а1п)*ч\! jj£j lil 
^aJjjjl! LuLA-cu-aj Aijjx-<dl ^jjoiLoiV! 4_ujl (^j «^э^-ахИ 4 j^nl-na -Ll a-qjILo]! ojLuj! 

j-cj (,'езА^л Aj^j^. 4\k*\W\*a Aj]\j 1! <а±к1! jj£u ^(Bottom Spin Valves) BSV Ajc-lill 

jjLlijIa lJIuA cJaJuu]! ^cLi]l ^aUjjj]! ^aLu-a ^Bj «PtMn ]!j NiO S! 1 g "\\\л\ 

<ajla jji ^Uj-uj-o CoFe Л IajS4 (j-o 4j» ~ч j-a <ajla (_ 5 -SjV! t-Saia (jljjjjj^. jljjjouIajx-Q 

(j-o e-UaC AjLguSI ^-3j cojaJl Л <l)InSl j cCll (Jj-aliSI (^L ^aU cojlc ojLja-aS! A _Ujj)Vix -qSI 

jl CoFe aIijS^SI (j-o ojlc ijaJI <ija]! jjj£jjj .о^. 1 х 1 а]| dilajla]l 4 ^ <a^kj Ta Sl 

(Top <-ai]l ^jj-L ^aLu-a j jaVI AjjujLoiVI Aujull !-«! j «CoFe/NiFe ^L^j^j-L! л!±1а]! 

<ajla 1 g * mj 46jij]| <аДа ^glc V j! Sj^JI AijSall Aji ^jLu (_£i]l ^Spin Valve) TSV 

. g.1 la» S1 4 4)3-1 j tSjL^i-aSl 4u.lJ.laJl 4 u jlajx-aS! <ajSa3 i4jx y J-Ll <iiSa]l ^aU cCu (Jj-ali]l 

aLaul с." m'n jA ojuJa-<dl AuAjlaJ! 4_UtnSai» -aSl dlli 4 q^IaSl j^* jjajx]lj 
C(_£.lj.laJl j jli'l» -qSI £jJaau 6 ^a j-oxll 4^.j (^Jc-J »*Ц}« J-Ll <iiSa]l Ajjouiajx. -aSl 

x julajx a JL ^Э Ljlj^. IjJxj jjLLlj ojLjau 4u.lJ.la. Ajjjulajxu AllSa (jji £jJaj-o]l 

C>J IIa ^^_ajjjJ .jjj]j]l cLul (jiJa-a]l (JiaJI oLajL (Jlx3 L_aLua (Jia. ^Jj c^ajLa. 
jljil (jaujju JjLjII jLauVI Jj*i-a ^Ljui jl .(Pinning field) С nmSl JLu JLti]l 

,\jA LgJuj-aliu jialuj jl j tLgu j-aLk Jj-a3 

ajlau -й i jaJI <ija]l jj£j (jl C(jl£uVl jli Aulak <j! V' uxil jjiau Ajxjj 

u_aLjaJ .AuajLaJ! JjiaJl Luluc 4JLa. ^Э 4j» > J-Ll <ija]l ^Jc (_£^j-<C ^Laulu l_ujSaj» -a 

4^ja3 . 4jjJ j^C L^jjl Vuxil jj£j jlj I JSJjjLA a jjg ~чМ1 jjfL (jl Aul <j]]i ^Jj 

jLauVI 4 laq'i ^uju (jl j^-<Uj 6 J J^L® JJC 1 >J> ь-а 1 Uj.n 4 jjjj^cLLS 1 4 jx jIVi» -aSl 
<aiSaiS Яиа1и-й <-<ulj JajLx-o ^XjJajJ Ь jlc ^jjuIaux-Ll jluauVl j'i Vnj .Luajl ^uluj^Sll 
ojaJI 4 qilaSl ^^Э АиЭ lu jCjaSI jluauVl olaulu 1 g'n**nl*u« ^ claul jjfL j! ^Jc SjaJl 
JiaJI j c<ujU 1 Jajlx-Ll jC ^culuSl (Jjill ^^-uuSaux-L! JiaJl j . (CrOSS-track luIL^u-c) 
CL_aljaJl Jjla ^Jc c '^lax-oj ojaJl AiJaSl A_iuulajx-Q J* ~ч! Ju-«u (jiS! 4 la'ix -qSS Juj-Ll 
juc Auaui^ 4uuul (_5^]1 ^IL j-® 1 J^LL LUxual о jug_aull ^gi SjaJl <ija]l lul V'nJ j!>Lxau 
juiu Jajojju -й (_£}La. j-o ^aUjju]! ^aLu-a jjJj-o jc ji*j3 'jj jaJl ia,jJ L! .6 jlau-o 
^ujjull CuLqI -cu-a Jjjj -й (JjLuj . (jiSa-LI JiaJl oLaulu ^LiiuVl (_^Jj 4 ии iSL 4 Uxijla'ia -aSl 

• %25-20 AxuLUl 
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Sj^Jl 4iik]| 
iJj-aliJl 

4.1« Jk jxJl 4 a ■ U 1 1 

Л n J l Л Q i Lt | 

^ Hljlo'l» Л 1>>А 

уЛ \ л q 
ftjjSjJl 


^Ia* - a ^i&La 4.13 J^uJI 

djUlalj (Jaaj DjLja-JI 4 ju,nLaj« xi\l djliJa j s-Uai-llj ojAill jli tjiill LauS j 

j-o ilD .CoFe/Cu ^JajaLil! djLaUal! jc. ojlxjjj jLnl! j-o с j^. j^ -аз ^Jj jLj 4_ULjdij 

^JUa]! (jui^ -u^V' u*^ o jj» x^~a A-Uijjjaij]! djLilaLi]! oLa uj^ u' c-jjc-^a]! 

^ji]! g-lLi* \l j oj^j]I djLiilaj cPtMn (Jjj3 Ц -0 C 5^' ^^ии! ajLjaUI Л uj jL»i» x>ll j!ja j! 

* 

jj-aii V j pX2-cm !l UjIIa <*_daj Ajjj jA Ллс. jj djLojlijdj u LA'n cTa !! j-o ^цл"| 

•'jj^ jUU' 

Oj^JI 4_iila]l jjj (_£j3 j^Lui ^-uillajxA j ji JaJjudj]! ^aJjdi]! ^al aksi JJj 

Uj! juuLil! jc. 'n (Edge effects) ^ ^AiL^. Jjc.LLq ^! AiLdaj j« > jUI AiUallj 

V Л\я ~ч ja]I <iila]! j! di]i ^Jj L_flLdaJ . djl Ч iLill jjj Lgj3 'а1 jLiIa]! <i£Lui]l 4 jiiijLaia a!I 

U^aJ ikj ^ic. jj] jxiU' U^La j)A (J£ (_Jaxj j . Lo ^Jj jLkJ! (JiUi] ijV'un'i 
<iUa]l ^juijLai * a L^j jjdi ^i]! jl^Ld! jLdaiLj Lo^_iL/ aJl)Lax)! ^junLai» aII LajLLa]! 
4 jx jLaix a!I ji ^aJjJji! ^aLt/i j »Л\я ja]| Л LLall a^j^jjd! diL ^Jj <luii]lj Sj^J! 

j >ajq4'i Jj ^ja i A'i jA (Synthetic antiferromagnetic) SAF 10 \i* 'u^l l au L>i A l l 


AjllajA j! ^jj I jlajj . 1 Ag ijj <L-ali]! J j JaJ! (J jJa CS^ Cj/uL. (j/c- ja-n a Jjj AJjl па\! Cj!jJjLi]l ^ ^ 

с 'q * ^i'ij tl^J 4 CjL j£a ^iLjaj JjjC. ja "\ a\! Jjj j LlbQ C1 )Lj£-q ^lc Jjj\j JjJjdl 

• (^-^ jloi!) Jjjc. ja-\ л\\ SJj^ja]! UL Ja jj£! AsL^j ^gjc j jjjj ajlc. MiLaJ! 
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4 j» -ч J-Ul jjjjiLSI jjj j^LJ ‘ixa \1 j jiSl J ^ J* >_)L1 <iiLall <j\ VujI (_j-a (J£ 

djlj Ипи <а±1э 4^£ j^.1 4 jAUjJ-a 1ж xi AAlLa AiLjaj liA AjjujLuVI ej^Slj .SjaJl j 

лУп*ч . ^jarN jaS! <iiL]L Ija. (jji qL ks-iA 4 j^nL'i» a (jji £-л CjjL л L i» л aLjl 
jjjj <alx-o л qL j)jj£j ^^ic. £j^ilj a^jILI jjjjiiLll jA (JjjIaS! ^ ijj-a'i» a\I (JiLaJ! 

ciili ^ij c_sLjaj .SjaJl <iiLlL j^LL! ^ ijL'i* aII jjiSl IjL^ j-a'qj L ILj 6 jj'VjL'l 

jja.j ^ajC. £_a 'oL >л^ 4 jjjVia a tJjLai L*_a (jl^lujj Ajx^.ja]!j A'nLll jjVaiLII (jl 
<j! Vu ul 4_«_а. j-U 1 <iiL]! jj! j j J j-aAaj tiiL j (JjaJ 4 _aj3 CIj! L AjLjuj j Aj\ Vuj.iI 

•</> lL*J 

й jLJ>a\I Л Jiu iSViat a\I (_£ L ^aJ j jj]l ^Ia),aI ^jujLuV I ^aJAj-aj]! 4.13 (jSi'i'Jl (J JJ 
% * 

<ilL]l dyjj 0 j\ x J»A <JjuJjLii-A ALlL \ gj\j c'o Jjg » a\I ojL]I aaiL ti]\jA Vj! .SAF Ajxjx -л]! 

jA Ij^. AL3 j <ajla 4 'ша\1 <LL]! -^Ч (^Lj . ^jLjS! j\j*VlVl (JjxLq 4 L * ul jJ 4 ‘ша\ 1 
jjji Jja jj A_ix-a\_kj ^ajjjjj jjll c LA'ij . 4jx > ja]I j AjjjaI! jj'iLi-Jl jjj (Jj-aL ^jjjjjjjl! 

4\я -ч ja]I j ajjjaI! j jiLL'l jjjj 1 erg/cm !! "Ljj jA Ija. <jji 'jjLJaA ^njiVa a 

^aJ tfijLl ^Lj Jx-ali 4 j» ja]I <iila]! ^^Jjj .8 A j^J ^jj *1J 1j jil <LLajoi jj£j LaIc. 

. S-Uaxilj ojaJI <iila]l 

\ nu liVi* a \ uaa \ aIaiVi (Jjaj 4, \я ‘na\l o jl x.Va\1 4 UujL'l» a\I ^aLx-a jjl jja. ^3j 

Д -AjILa 'jjLii! 4_}Э j^,jj (jl C J> 1 Aj! 4_Lj J j! jjlJ t L U*n\l ^aJjjjil ^a\ AtA l <jj\iA 

4 _lila]! (j! jA L_Jiud]! j .JaJjjij]l ^aJjjj]! ^Lu-a ^Э ajj^. j-L! Lili j)A Jil Я£)\_аС. 4, hujL'ix a 
c_iLjaj . jLjI! j! jj-aij j ^Lj^l! JLI! L jj jL jLiiia LaA Ru \! ALLj 4‘ша\1 

(jLlujj lj]j ;^jj£Ix!a] 1 jjljj]! 4 LSiii'i ^^3 Laj! j LaA A jar ja] 1 j А‘ша\ 1 jjjjiia]! jl (ji]j 
Jjjjj .SjaJlj 4 \я > J-Ll (jjjjjia]! 4 _i^.jj] 1 jl£ La£_a jjjjflSj (jV AjsL-aj Д -ajILa 
( j j! jj]l 4 \jSLj ^э fijLj]! jA jj£I Aj j! jlLI 4 LS jn\l Д_а jLLa] 1 jjLj ^Jj cii]j 

(J£i 4 yj\'\ сЯз!у\_ах]! 4 jiinL i» а\1 J_a jLa]I Я -Aii ^^Э j-a^Lj (J j>a^ ^xijjj 1 j]j C(Ja£Lx1a]| 

^э La! .G(AP) jj^LxIa]! (j j! jjll 4 \jS Lj ^^э ajLL]! jLjjlj AG *Lji jaliajl jA 
Ajijia'u а\ 1 cjj ^aJjjj]! C!jL\ A tA AiXoxil 4 jiuji-n* а\1 LqjLa]! ojLujj jj£j3 i^iljSl 

^Э L_JJjoi]l jA £. ja. jA^Jj .AJaJx*ij]l ^aJjjj]! ClLLu-a ^Э \ g 'ia (^-Ll 4 \я 'n.a\l й j\. а\1 

jlc. 4 aj jl j^L . (CoFe jl) Co SL <j-aL_SI cJ\j\ <jjuil]L Ru 11 Ajjjjj^IV! 4_mll 

J 4Ajj!&V! 'ilj 5 J (( 111 ) LijjSj ЬИк cjlilkj [jiljj CoFe/Cu — II JjL 

Aic- JjjaLaJI jjxiill ag ■ UJJ .aJsVI oLii JlliUaj JjaljJ ( а ^ с ’ ‘UUa jl (jja. 
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-lljA ^i! (J-jjj AJL/Lax]! 4 JahjIV* aS! Д_а^Иа]1 (JjjlLq t^aJjjj]! ^i C. ^ajliilj С^Зл1а]| 
<j ^ jLj Laj AjjILa ^jjj^^I sUa Ajlalj Jl Ajjonllj Ajia^/I Slji AjlaU ^ jjajLLj]! 
CjlaUajll (jil jj ^лс. j Jja ! jj (JAjjj CoFe/Ru ^jUII .ijc. j j ^uL/l jj*jj]I 
^qjUII o^jljl! (jjj^V! ^ajj^j]! CjUjjjil! (jul^xj^ jjj£ (JLaI^.1 i ^1_а£_1хэ ja 

jjc. ^ЗЗД! ^j-Ull ciijjjj£]J JUjjV LJlc. VUiUkl <aj j! jjja. ^ cCoFe j -л CoFe/Ru 

^ic- AajU]! ajjxjl! jli lil .<C.jjjj jjxjjj V n^. AjjjaII CoFe ]! VaUaj Ru S! jQ<]*« 

jjAjjjjl! jjj AjlaUl! jialjj ^лс. jj jxj ^gic. Ujaj! (Ja*j CoFe/Ru .jqjUI ^jc. ^jjJjII 

.Яз^ 1 ах ]1 Лу jlv* aSI AajUa]! .iijj 13 а j t^iaVlj <jj j^VI 


J ' ■ 1 1 

f PL . 

■■ 

/ 

7 

/ 


/il 

L» ±_i 

1 


ъШШШШ 

z 


f 


• \ 
i 











1 > 


1 > 




- 



r 

РМ 

Л 


и. 



PM 

1/ 


jja-a ^aJj-il ^aLa-ua (ja (jjSa (jjli (jj j (^Э c AjAAjLjxA Cjlijia] ^V^4 ^a-ujj 5.13 j£-ui! 

Ajxaja]! AlUa]|j c(FL) d jaJ! AlUa]| (_^Э jUaJV! hll* 4 CjIaIaj! 4j£ j^Jsjj c^jIj (jajlVt 4j 

.(^ jSUi]| dlAj^! jA Z dlauV! j ‘(^^V! dlauV! jA X д\л2$\ .(PL) AjjIU! AlUa]| j ;(RL) 

^bu^a (^i (Jjj^al! jjIj CjIjWu 23.13 

Spin valve transfer curves 

x^~a jbajl (jij ^jAx-Vil -li^, C^aJjCj ^al_Aj-a j^, jg л jV! (^j-oVuli " l L_fl jjuj 

jl£ |j) .^iVjia]! oL^jVU ^Iaa-oS! ^La! ^xjIVxaS! (jj^JI Jajoi j L^j^. A -ujj'i -i jjj (ji]l 

cia-uij]! (J jJjjia] Ajj! ja jj^il <ija]! 4 jjuijiVa a Clljl£ tL^-l^u-a ^aJj-lil ^Laju3 jl J*4 \\ 
5.13 (J^juil JJJJ . 4_iic. AjJjaC- 4jjja] 1 <aja]!j 4 \я y ja] 1 <iiLa]! /u j)V* a dljl£ j 
^ al aj>-o JJC. dulj jUj JJJaIij jjLuiyi jg > (jjLui^j (jx-a^J .6 jjg ,y\W ьЛ$\ 1 аЧ j>>ia IkkL. 

(Jaail i_jjl jaJ VjjjjL1a]I jLpjVI <iaaj jwjjj .4_l3jia ^lc. ^Lj]l *ч11 (jjjLlij ^aJjjj]! 
(jjj Laj 3 4_j£Luil 4 jmjlV* aSI £_a o jjg ViSl jLfil (jC* ^aaij]! 4-luijiajx aSI diLajia]! 

.CjjLajal! tilli ^Э o jj jaS! CllLaja]! (jjj i_ijjj]l (JjC.LaA]l J 1 g ‘чАхТа j CljLajiil 
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V li]j (_£jj-ui-o ^Э 4-iuiiIajxA 4j^l_ui]l 4junia \k М1 CIjIjjjIj 

Mlui-a jl£ Iblj .Jaia £ j X ^ uiji-a'ia -all c>J! ^ V] Sj^]l 4_iila]l c.^ Мл"и>п 

^jjjlj jl£j 6(_£jLi]! (Jjj1^)J AjjILo Ajli£ LuaJ^)C. u.ij]-i *1» x> 11 (Jja_uij]l Jajuij ^Jc. (Jj'VujMl 

La IJAj ttjdluiA]! ДМЬ-алМ! jSaJl <j£^)a (JLaA| 1 n^-ol uMLn-all ^^Э 1 jS^-olixi c^jli]l 


Z ^Ljj! £-д (Ja-ouJaj (Jj t<jui3l Vixi (Ji^-i] A-i] jiLjll <j£^a] 1 Clluij] j .IjA A \ж q i L_fljjui 
jjla-Aueal ^Э A j (_£jli]l ^aLal ojj^, jMl L_L^j^J1 l_HjujJJ j .(_£jli]l jja. J ^аДС. 4_]l_^, ^Э 
LUUJU J . I J-4^11 ^Jj l_g jlill cj-Q 4 JuljLl^X -0 11 AJLlaJ! C_J JjujJ ^ lUtl ^ J^l *Lc. JjuiJ ЛлЭ (Ji^Jl 

^Jc. j tjj^-uilJl Ja-uij ^juijLa'l» a ^ic. l-la. .Wn^ (jjli]| LfcljJ ^ji]! AuixM! (JLJ SAjui 
l_1ujIjjjj t L-jl л^11 j l_j!_^_^JI j ^ j A L-ali]l AiLuiAilj cJajuj j]|j jjj! jl! jjj A L-oli]l AiLuiMI 
AiLouij (J jlii] (j;i*-<Q ^j-cu-aj <JU. ^^3j AJ^Lq-uj j M r Jajuj j]l A n-i jLa'i» л £.1 j^- £ua й JjoiLia 

^uujjj lJLula]! j-o 4_lIaJA (jji Ь jjujLa ^jlill £uJaj j)^AJ t-la-ujj]! j jjj! j] 1 jjJJ 4_luali 
jja.j ^ajC. ЛЗс. (jl^ AjSLuJI (Jax]I A La<n Aic. jg -nII ^Lj LjjuiIq (JjL]l ^ W 

jujl, VL jla. сК (j^fLj j£-<aj jl • -Ljui j]L j-aLi_]l M r t e - 1 j^J! 'aJ^ Aj ^ia-uj j]] j^ 

C(jjli]| ^-1_9 jj! (JjL ^^lc. Luiaj! JiaJI ILa j-<al_ijjj . (M j VL Lau.ij (JIaxJjujI jc. Lula jC. 

.^jja-L! (Ji^_]l aAiui AJV-lJ J^JI Ag-Sk ^ Wl-a ^a-uij j£-<aJ tii]i £-o j 


(JiaJ ^aljxi! Я]1_^. ^gi . JLll (j£-ui]L ^Jjjjl! ^Lau-a (JjjaL £jL ^ W 'l/i L LLlj 

ajLuiVl ^ (JjLujJj i jjjAxilxJA A \я *ч J-Ll j й j^J! jjjiila]! Luajj lJal»A jj£j 
JLJ (jjli]l jVl £uJaaij .<j£l_ui]l (JaxJ! A Jaq'i ^Jj <jjuj]L (Juaa-i (juLi]l jV djiua 
j njuijLajxAl l <а]а1л Jj (J jli]| tjLjaUJ Laj iZ jj^all Jjia (^-L. (j-L-VI ja-J 4 -^.j-q 
J (O*^ l_&a-]l JJjJj -t^jLa. Jii. (juiaJJ jl i(jj'lnfl,«*l< l£-)3jla Jc- 

jUJ j]l (j-aSljj £_л a . JcVl j^-j 9 <Jjl jj jjjj (_J1 J jujl <juLliajxjj 

Jc (JjlaJl -ijjail (jja^ljjJj tA-ojlLJl (j-a^ljjj ^ j^\l j "j jjJI jjjljLj]! ^jjjjjlaji-e 
o j^JI 4_iiia]l 4 „ jl JJ- (jj^i to jjjt , *a]l (J oLaJ 4_11_^ (_^J • o jUj j/ 1 j a. j (J j'lLI 

* 4 'XI , ,Д1 (_J_<util 4 liQ , ^_]l 4 „ ,11 \ 4uijILa]I (JjljOLlj 1 1 JJ3t , 


й = /?0 + 


д/? 

LT 


[1 — cos (тт/2 - 0)] 


д/? 


/?0 + — [1-0] 


( 16 . 13 ) 
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• (сЗ.^^ с_)^Л ьЛА j! M r t) 'ijLvU £jL <j\j JjjjLill £iL ^ W j-a c. ^л"п 

4jjI j ^jj-a j La-lic. LgJ ^)a*\ jjo L*jIj jUuL/I A^Jk ^Jxual со jIjL/I ojlj j LIxjIj lij 
jAk oAjAuj Oj\jVI (jj^J LlAiC-J .sin 0-0 L_JJjij ЛУп“\ ^XjJaJuj Vj C&JJJ^ jljJ*Ul 
SjLujVI Л^ ~ч \ LiiJ Я -gjS £jb cAjx^j-U! <liLai] 4 jjIj-q AjI^j]! oj^J! <iiLa]l ^ u-o'i iL_fll£ 

jljjUI ^Э <jjja]I <ija]l c-Aj ^j 4 j1^j]I ^^Э SjlSVI ®*iUj j-o Ajj-U! (JJjjj .|V_| (JjLuj 
t<n*jj]| j Ajx^j-U! jjiiila]! jjii (ji]| cJUti]! (Ji^J! j-o (J j3l ojIjV! (Ji^. ^Jj-oj LqAac. 

jjJ! SjLij Ул. jg Lj V ij]]i j£i 

( z oL^jV! ^^g-3 ^jLjj 1 'mL j 4_i£Lui]! cJ-^U! ^ Lqi j* lU]a j-o V^j LiiiLaj! lijj 
LiLxkV ^jj-ajl jjxillj Iajjj cSjLjyi LiLd SjLujV! л^> cLjj cAjIajI! ^ »0 ciAlAjl 

Ag-Jk £_o Ai^ljiio ^ 1-оЭ1 Ал. ^j 0 (Juai t4_iiXA 4 Lq'i Aic-j .0 \ Aj^LjaVI oiljj]! £-о 

Ajajk j-UI <iiLa]l c-^J ^Jj ojLjV! fiAljj j* AjjJ! (jAjjj . V+ (JjLuil ^g-tJaC-l ojLujj 
LixjLi Ibjj .DjUVl л^ > j-a3ljjjj 0 ciLi jjaij_i3 .ajLiV! (Ji^. cL^j! cJj^ 3 ^_g-L« jljjjlL 

CllL-ajj tcj^J! <aiLai] 4_lj! j -й AlLgji! ^^Э 4 j* > J-JI <ilLa]l (.** l^u-ol tfijljVI *i.iLj 

. L^jL j**uh-q ^a! Jj ajLujV! 

AjJajJl A iLijxiW ^Э ^j^k t.sb \ I jLpjVI jbj ^aJ-Qj-aj]! AJ^JI ^aJ jAj]I ^Lu-sa (J-axiuLl 
4 -Qjall Cjjl£ t (jjkuJ! ДЛл. ^Э 0 < 0 dlil£ lij jki .Jai^ Jjj^j]! £-JJ ^ W j-Q jpa 
AjAuoj [$jU]| jj Jlijj (<LikJ! L^a]! 4 -Qjq]| (j-o Jj£! jd]l Л^ ~ч 1 <1^. J-UI (J ju-£aU! 
<ia. j-oJI (j ju-saU! ц -<ua]l djl£ ( j jkuJ! iiLa. ^^э 0 > 0 ciiil^ ! ij t cJjli-L! ^^э j . jL^iV ! 
L L^a'Vi j . jL^iV I c. ajx x-o (J jlil! jj Jliij c <Шха]| Li a]| <-<ua]l (j-o jxj-al jdil Ag 
cJjj^jl! Cjl jW j-ci Vj j . 4 jL**k jjC. jjj^j dLj^-iAj jLiajV! <iixjJa]! j oAjAjoJ! 1 $j\ jil! 

<iU. Uillj tA-Ll^ JaiLx-Q oA]jJ (ji]l 1.1*. L_flJXjJa]l j\j*4 jVI Ji^. jC. Liajl <Jad]l jlb 
j! ^Jj I jiaij .aJLuJIj <j^,jJ! cjLJjVl Ajgua. -jic. ^ L*s jjc. JjjVJI ^ j^ j^ Lg_i3 jjfLi 

t^,l\> (jjfLl (_£*\>^ <Jad]l ^Ac. jli C<lLxk o jLLj L-jlkj 6 jLLVI <iJL*-a d! j!a 

AC. ^j (J A jj L_kxUa! ^j]l jL^ *lV ! (J ji^. j . ^JvsbUl A_i jjuli]! 0Ja-jJaJ ^^-AjujJ 

jjj AiikxJ! Jji-Qjj . Jj j Vi\l £-jL ^ j^k j-o ^Э Jj^jjLo Cllliia. jjgJa ^Jjj c^uLi! j! jiU 
l. iVl t jima! t5jUJ! J»>j LiAic. <iV tLiiia. lijLo AjjuoLui^JIj ^JadiyU! Ajjdii! ^CJ^-Ua 
^gjj jl ^Lv\V <jjjujj ^cj^-Ja AjJ jj ^j LUli AjjuoLui^JI *icLj (jAjjj ,4juA_uiaJ! 'icLj 

. JSJULA JIC. lj jlS 
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1 ^,'Wi^ ajbjj Md Jjluiau jJu^j 3 . 3.13 

Scaling and extendability of spin value sensors 

: I jlijJb J)U-La oLj ajLoij j J jl ^JaxJ 

( 17 . 13 ) 


AV = /,Rj“ Л 


/i /г 


4_ajIaa]| ^ j ^(Jji^-a]! J i_y ajC. LaA h J W J c jL*v ‘зУ! jbj jA Ify C' n^k 

jA T| j t (a jx^ll 4_ajal3^ A u*i jLa'i» a\I AajLLa]! 4_boij \R!R j tdlLliia]l *Lu.jS3 A )*ч jirfoll 

£a AIjIj 0_1^_СаЗ! ^JI OjLiVI A-lxMJ C'LLVI 4_i»_Jj .6 jjg Vi\l ^ i jLij» aII JjJjaII 

ojLoij л^_2к ^jLj jl l _ i>j c^jjLi]! ^»-ч ~ч j-^aljj jia. 4 j^Luia3! £л^з ^э Ailj£j! ^Lpj! 

£-ujj^ jl j^aj ^»j j-Ll! ^Laj_^s i $ j \ ji (JLoxIIuj! jl La j-ac. ^iixjj .Ljjij LL\j (jjlil! 
jI^a! (jA л^ -j ^лЗ! La jV! (jjj^Lij L_fljjoij .100-150 Gbit/in^ (_£jLml A-iaJajui С1з1э1л£ 

. L^JXuuJ jJ 

L** Л .%20 j^_ij fi ^j,wa 4 u j)]-> j» aII Д_а j1^a]I ^Liiuij j! j^j c V j! 

djl junVjll cillj L~' 33 Wl j jVI ^aJ jjj3! С1 з1а1_АццЭ Л1а <lulj3l йЛА ^ OJJJ^ LjjljjmVj 

с!зл! ^^и]| л! ja3I ^э с!з j^4_j j)A с1з\ jju.iVj]| (j>»« з djjl j . j jla.L]! ^LLLb л j^_a. (Jj-jaaj 

С1з1 jjqj (jjmVj (jA j^V! 1 g i^-a » } (ji! j . (JjJa^! аЛ1 1 Jia ^jmjLaj» a ^Ijaj ojL CljLiiLa ^Jj 

^^Э (JjJa^l ^S*\*3j t(jj! oj^. ClilLLaj (juLaJ djlijla £_jjua j)A L** 3 *з^а ^jil! <^JLla]I 

Jjji.!j .(JjJai! ciiLijL (jjLLj t clL^L£}U! j (Magnetostriction) (^шпЗУз» aII jl^aiL3! 
(Specular <Lj!ja 3! С1з1к±1а3! L^_1 a Сал^л^. CjLc-ljlk! (JbLk (jA Ljaj! с** з! jjm Vj c* зУч Vj 
J j^ -л (Jil3! cCjL jjifllj ^jiajjuij V .6 j^-3! <ifLl! ^ La».‘j aj.\uhSI c* il q_iLa (_ 5 -A j dayers) 
C-UaxJlj aj^J! <iila]l jjj ^^ДаЗаЗ! jl£ lilj .aj^J! <ijla]! ^Jj аЛЛс. jdS», j*3 (Jj t , jmSL/l 
(jiK»,jVI (^LtJ Vj .^! Ja 3! j)A Ljji (julSa, jV I jl£ j^L LaC.L (J, jmSL/l 

AajLa c-JjuiJ ^^Jj (J^jj V lUj ^Ш! ^JauuJ (J j! ja3! (J jJjuia]! ^Э ^a^j]! ЛЛЭ ^1з! ja3! 

j^. jLula JajujjiAj *ол1с. АлЗэ^! ^jj^j ci iLjjj£]j u_L-£ajjj >С5 д11а 1] L j! ja (зэл*1а11 jLJ13 

!лЗ j cSj^J! <ija3l jjc. LgJlijjl c-Lj! С1з! JA сЛс. j'j» У*з*з j fij^J! <iiLa3! ^^Э !л^. jJj^a3 
djLjjjilj c. LAj'j tjji! 4_g_a. (j-°j - I (Ja! j^J! ^ Ijjj^ ^ji! ja 3! jj» з*з 1! jJjj V 
j*3» з‘з11 jjfL 1лЗ .o j^JI <aja]l A^Iajui (jA (JjL! j^. jLuia Jajui jJaj Ajjj^V! ^Jj-iJ 
jialjj ^аЛС. j jxJj Ajjj^V! ^aJj^J CIjL jjifllj Д_а jLa ^ IjUnj jjj£ jiiL (jii ja3! 
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^aC-JJ .4 UaiiJo 1» а 11 AuQjLLol! 4_Jjolj JA Ajjj Uft IaAj 4 4-iJJ^VIj A-li^Vl ^aJjAj djLjjgjl 111*4 

C1j!3 ^jjAj CjLqI Л 1/1 -l^jLi (jl Л» y‘uiix>ll (jli 4 ^ ! <ai£-o]l j j 4 _а^-Л Clal, nmVjll оЛД (J£ 

.%20 i 4, uinivix a Д_л^1ал <iuij 

^l _*j«a ^Э aj^lil AjAjj (jC- ^LJl (J ja. jia-uiLi (_£ j^V! A^jl£il (Ja! jxil ja j 
4^^AJjAjil ^Lu-all CjliiLa ^Э Cjljli! (Jxiiu <LJI_xil ajlj^JI CjL^jA jjxi 
J» ~4j 1_л I ЛА j . ^зМаИ ^Ja-ui £_a Uilc. S Лл1_х1а]| j <jjjj^J! L_fll jaJl J jJa ^ic. 4u-aLa_i j 
.CjLiijLoil ^^Э ^aJjjjil jc. ^iilouill a jjxiil j-o .lijA cj-ij L^j- 0 lcLojl jj£ 1 CjLiijUl 

IjJj .4 UinLii» <q! 1 Cjl^Jai! j-ajl ^Э JjAuj jjAJj ^Jj Ljajl Mn 1! Jxixj (J^jjj 

(jjli L_fljLij ja (Jj^. (jj^ £J-<J jjai^-Lo (J jJ-uixi AiC jljVlVl jLiJ La н ji ^ v^j 

^Ljaaj! Jj3 JaVI (_gic. jl^ j-ajii! Яа! jjuii <хэ j1a]I SLiaJ! Sa-q »1 * ^qil Jj3 ^jjAj]! ^Loj-a 
A-iiiuiJl J Ajjixil jla-uiil JJC. Vjl ^aJjAjil ^Lau-a ^^Э SaJjJaJI Sjlj^il AAili .^!<ili£il J^l 
(j^ajjii (jj^.j .oAja. AjjIj^ CjVpLi-o ^jj ^>^11 SjJJ^il AjjAxaJI L_Laja-JI ^ij l_jAAjj 

^j ojljaJl JSj ^ia-uj Д_^.1_иаА j-aialii j tljijU AjjIj Д -ajLLJI kii i^aJjAj]! ^alxu-o 

. ^JjAjil ^Lou-a jjxx-ali jja. jLiajV I jUi J-L-a j Vi ^ i*4j 1 3i j . Cjl A jJjil j c__LajaJI 

(j-a^Lli ^xa 4_aj!a JajLxAJ IjuniViatA jj^ а11 ^JjAjI! ^Lcu-a ь& U£ jiaLa_iLi 4 1 JJ^.1 

I JJJ^ <aj! All JajlxAil jc. ^LJ! (JiLaJ! (j J^L LaAjc. <jl jA tiiil L_JJui j . jd-4a 11 ^uaua. 
(jjfLi L_fl jjuj 4AiUJl (_gJc. LiA JAC. o jaluiA (J jUil L_fll ja. (J jia ^Jc. ^junlai» aII (JxaJ 

. jjiLiil (j-o (jklAll oLajLi AiLaJI (j-o AiLuiA ^gJc. ^ISI 4jij)ai» а11 ^xIa! Ajli^ Ijj^ (JiaJI 
LoAjc-j .ojluuiV! AjI J j jC. <ijjjuiA jj-4a 1I j£j-o ^Э 4 iaAii <aialA tjlLiA jj£j -УУп-ч 
. Л )-i Jjill A qj^ai-all (j-alalii jl L_Ja_i IJlj ^J-LiLaJ! AiLaJI (jj-aliA j-alaLiLi V 4 jai'N а11 j-alali 

(JjIjuiaII ^Э (jJil jLnil CjlA ^aJjjji! CjUlAi^i (Jj-aLi LaAIc. (J-oxluj IJIa j^i 
jA^.j jA^Li ?!_g_i3 jJjJalil j-Q Ajj-<JI CjLillAj ^Ля Vij (J jj^a^il LfcAj-la. ^JJ CIP 

cpp (^ jjjuiAii £a аа1х!<л jLnll Cjli ^jj-Uil cjLol Ax-a (JLoxluil ^gi cjLjl£-oVI 

4^J j| *Ц_^. (jA . Lg_i3 (jjan j! jA V-^J 4CjUjai! CjLijLluiA (_gJc. LiA jaC. jUJI 4j 3 (jjan 

^jJI jili (j-o I JJJ^ jxx-al l^jL (J jLixaaII Ла1х-<Л jLnll 4\t. ‘ix а11 J_ajIL<J! <Jjuj c. 

-la-i ji Lajj 4(_£j^V! A^aJl ja j .(jjLiuiAil ^^Э (_£-Л ^jLaLlJI CjlJ ^JjAjII CjLal a<a ^^Э 

.(jjjjuiAil ^Э (jJll jLnll AiU. Aj^.j-<J 1 jAil! (j-Ulj jLianVl jlii (j-o (Jja. (jja-uii 
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^aJ jdii! ^Luua jnj 'aI jLtll djLlilall C V . djLujLoj \ g ipqj L—L^l^JI (Jxj> ^Jj dil J j j*J j 

jA jjfL diiijj *C5^ C '^ Sj! J^Jt jjljj ^ jxj 1л_л OJJUlLlXi (JjjLqJJ 1 g \я > j (. J>^\! j 

* 

J_ajLL<JI <jjoij SiLj u^ ji (_^L^. ^»jL Laa jsi ^Jj jL*\ jVI jLii S^Lj u^aaII 


^alC. I. 1 Uin J U^ ">J,.^ jLji! dj\i\J£ jl <ajLi_J ^JLulxJI . ji» j jljjjj .4 juijlaix Х>\1 
.(Spin momentum transfer) ^jjdilt ^j ^j^^ 1 4j>iii jljLLoil 

(jj'q Vl ^JI (_£ jjjaixJl £a Лл1л11а]1 jUII UjIJ ^aJjdJI djLoLu^a ^aJALuai ^^jljjjJ jl L_L>Jj 
£.!.!> jl .!.!>. ojJJLua ^JjjjouJ] Лл\л_лЛ jl_n]l LqjLLo jV dli ij tLJLc. 4_l^2a-ui dj\ilj£ 


^a -IaLxILJ! jLJ! djl j UjI jjg V J\ ^jjA j> jl^Lo jAj tA-i^JajuJ! L^LoiaJL Д_л jLLJ! 
L-ojLLi uj^j U' Ч ‘V jjLi SjLjyi ^j^. jjfL u^J «0.1 fljim" ^^Jc. ijjj V t^JauJ! 

.ijji V! > i>j S jjg v'JI Д_^.\илл j! ^_ixj Ua .(JaVI ^Jc. 10 ]! "Ljj u* S jjg >"Л 

.100 nm jjd ц-° с® LiLlJ! q j jgVJ t iL-j! jj£i u' jl ‘0.01 pm 2 


Auiili! 4 1*,а11 A-4 jIaa]| CjIj Sf I jll! (jMj jj 4.3.13 

Tunneling magnetoresistive read heads 

j\jj]| djli ^aJjdJ! UjLq\ ,a>/ii ^j-aljaV! djLljuJ ^л_1иал x> (jjj j] i^! jl! 

LajLLo]! j! jinj .200-400 Gbit/in - ^it 4-i^-L-uiit djliL^it <juaj ^] !i! j j_lula!] iaLxa]! 

j\jj]| (ji C^aJjjj]! ^L-a j^n o J> q \l J**i>j jl j^AJ AjLj]! I juijL 'ix х>\1 
Л, luilli jx а\! La jlLL! jg_IaJ .AjjLII (Jji jjjit (_5^ C(J jjuiAll Лл\_ха]| jLn]l (jij (Jj-b-^-Ll 
jjLnI*A jjjiLa jjj tojLc. ^a jJJa]^ I .\UiiSt j-Q сЯ] jLc. <Li3j lija jj-aSj Loljc. InLj]! 
Д-а jLLa i-Qjxjj . j jLxi! j>UJ! jjc. (jj^.1 Jl iisL aLiL Ja jLj]I jj» j t jj'nunJVix a 
^LusLa]! A_iuaLk]!j .Lg-x-A Llu! iLjj j j>\_^_i! L£Lauj ^lc. I jjj^ A_iij]l л L-ojit с2д 
^.!i> j! ^jjubJ] 1 а\_х_а]| jLni! ciili ^aJjdiit UjLa\ Ai-o ^э aij> j-L! ti_Aj\iAil dlij 

^gjLL^J! jiL! j^i-oa La! . £2рт 2 il cJL>_a ^э ojLc. ^Li <L-a jil I_^Luia ^э Д_а jLLL! 

!i> jjj^ J! i-Qjxj Ajij 4 L-o j (_g-ic. (j jjVi ojlii Ljjijj]! Lj\ vju.iV! j! ^э j^Sj^ 

(JLaxJujV L_al£ jli L-daJjC. AjJIjj]! Lj\ > j 1 2J I jj^i C5^J .4_L^aj]l Lx_uij LajLLa (_g-L. 
Я -JL. Ajjj VI ‘JaVl Jc. 500 MHz (JjLuU (j! 4(_j-aj3 Ailjui 4 \i-o j]| 

dlli jli G00 nm x 100 nm LL^jl! luu jl£ !i! 4^11 аЭ . ^ jV ! Сп\-1а Lx-Uoj (_5-ic. 4 \i-oj]| 
^>jjjj ..1а^э flpm - Lx_Uaj j^-j ujLun jl ^ i>j RA L^Luia]L <a jILLI ^!j> jl ^ jxj 
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^gic. j^j j^La. ^ La! .10 A jc (JSj j^.La. A£Lajuj ^А! I La 

. 4 i qj'q -n. 4_ij|Jjj 4_L^aXA (JLgIiS A \ j j j\ ^ j •n. \ **< ‘^l j Д_А\^, A_i3jijJ Ailiij]! 

A-jjauiajx *a\l А_л jlL<AI (J jxLq jl jC ^Ас. c 4 j'qq'AI Ajjaulaix-<AI A-o jLLA! AaIxj j 
j^AJj tjjjj.li.laA! jjJJJjouiajx aII (jJJ^Jall ^jjjjouiajxA jjjj 0 Ajj! jl! ^Ac ;Яз!А-ахА1 

: JLJI jadl! ^gic. l^jjLi^ 

ЛЯ ^ л ДЛ 

л = «o + [1 - COS тт/2 - 0)] * До + — [ 1 - 01 y 

2 2 (18.13) 


(Jj 3 4 jq'AI 4jjoulajx-<A! А_а jLa^oAI с_а1 Ajj^l ^c jj .(_£ j! jjjAI АА1л. ^^э А_а jIL<AI Rq di 

4_a,j.2 Aic Л_1лД| CIjIA LgA Я-<иЭ Ax-aj lAa. l_jjj 5 C ^jj^ j£-<b(A! Ja jfLi ^A iiAjjJa йАа 

4 j'qq j CljL-aj n^a j-o j^AJ ^xn^jJ djl j jVi Jj'qVA AjsLdaj оЛа ClbJaAjlj .AAjxA! Sj! ja. 

*lLij! ^^Ac I jjj£ 4jqj\l A_n_ujlajx-<A! A_a jLLAI Ajjoij aajxj .o^! jAI! jjj L^ALaxjjojV 

CllSj]! ^Э LqLaj ^ajg Ча jJCj LK ^jja£ j£ 3 LgAjxLo LqI .4_^AI_xa 1! C fljjlaj j! j -лА! 

AjjiA! a\I а_Аэ\_А! (jc jjxj Julliere jj-Aj^. ^j Uajun LaLjAj j! V! . jAlj]! 


G(P)-G(AP) _ 2P F P R 

G(AP) 1 -P F P R 1 ' 

<AjIa]!j (jP) fijaA! <ajAal! ^^Э ^aJ jiA! ^jI Ja'q'nA <1 jLxa]| dAa ^э P R j P^ (Jjaj 

/■|j /j jjjiLAI jjjjjxS! ^AI a"i"\I $.!.ia. 1 а^ jlj jljUaijjaiV ! j!Lb m sjxjj • (/^)^ j* > ja]| 
тЗаЭ (j£ Aic (^j 'j' ) ^aJjLj fiLaj! (J£l Dj J D| ^ajA ^Aajoj Aic djL/LaAI ^Аэ1А£ 

:(R J F) 


p_ ^т-^т 


' r T°i 


t'\D' + 


(20.13) 


!jjj£ (JaxjjoJ Ajli сАаАэ CjL/LaAI jjaxi ^Ac ojL-ali^lj ^OjAj !Aa AJaLaJ ^aC jj 

л -iiA! A-u jAajx a\I LajILa]! j! ^^Ac (JVijjAV! I iVLi 4_1 аэ $4_njjaiA! djLLnl! jjjaiiA 

jaLaAI SjLq ^^Э (jUaj Sj^3 jAjJaJJ ^jA! A_n jjji] 4 /! jjLaA! j jjUaL! 4_ml ll^. A-ujLum 
jj^l J aJ&Ij Ajji£Vl diljjjj£]j jjj tliljjljJI dilaliaj CjU.bjjlj 
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jjju (j! j^-u l^iV l-i^. 4 ^ ^^iiLJ! diVLa. jj^i (jlj aly'uiL/l ^^aLuaI! jAj . j^.LaJI j 

(jl Aijaj L-jjL^j djj^Ja! Lij . JjJjJ! ^J! (jjjJaal! (j -й jjjjilV! ciiVLa. jj^ (JlJjj! 4_iaj£ 

:uJ (jjj Cr ^! (j-« CjLqjjjjoJu! 4 * j Ji^J j^-aj t J1 j-J! Jjf^ ^_^1с *^-*.э Jx-->^j ciilL 

.ЬК AjjjjJajx-J! Д -ajLLJ! ^^Jc ^gjJa^J jl j^.LaJlj (jjjJaal! 

.4 \W\ Ajxallajx-o 4л jLi-a JL*«JjjIj a<v! j3 jjj! jl LuLai 1 6.13 JSJll 

^jJaLujaiVl L*J (_£ jJjoiaI! (jli! jlill! (jj ^JjJlii! ^aLu-a Ajjj Ajajall 4_iij]! aLA (JjLoJ 

AaLuq aLuL (J^-bj jLj]! j! jg_9 (^-ujLujV! Зц^ Lol .(Jjlc. jjbbu ^g-ujl ~ч jl! jj-alil! (jc. 
(Jj . c. j-^-sll jc. l^Jjc. ^ vnj L_ij! j^J! CjLuiLu j! UjLl^j (j-o tJLjA jjj] 1 J] j t ciiLafkl] 
dilajla]! Д -ui £-Ua J U^^j t -]L Ljl j* (j-o j . CjLujLqj j-uu-ujj (j! (j^-GJ 1 g uiq'i L-LauaJ! j! 

.CjLafkl! 4 ui,^ aj! j^. LjLjj (з-Ь LC-Luij !lAj 4L_Laja_i! £_a jjJaS! (jj! j^. (JuLqjj 

CllLoLu-a j j^.j-0 jA LL (jj^Lubo (j! jLjj LuLafkl! (jjjjC^ij -nxu-oi (j! ^aC - jj 

L__LaJ <A.gua CllV jLujJ аЛС- Ajaijl! jll (JjLi jiL t(JjJjaball (J i]! jLjl! Uj! i (3Jjji]l 
UiL (J j! j .Ajaaj as.! j9 u^jjj <jjl j ц-а! jb! clili! juj (jjjuii (jl^-J cJ^ 1 g 'ic. <jLa.VI 
4 -ч n ' 1 ^ Д L\ l . ^ v ^ \ \ \ *л . ^ j ^jJUI UjLaLao-a ^_j9jij9 .Aj9jJj]L Д L ^ jj L-J 4 ^/ jLuij]! 

Cjlijnl! (jjj dl! jii! L*‘ Лж \ж j ( ! Лл. I jU. ^aJ j jj]| ^aLu-a (J jL 0Jua! ! ili . (J ja. (jj^uujj] 

<-ai t^_iiij| Uj\ jSJI Я]\_а. (j-3j . A_bu3aji_A]l A-ajlLa]!j ^jLj^]! s-LV! 4\ \Лл 4 q\j4 aII 
j^.LaJ! ^Lj^UI JjxJ! jL^j! uiii <]ja! jaj .a_iaa! jj£! jjACj]! jA (jj^! JaLu! 

(JjLtAl jL^jl (Jj>^i* 4 c^Jjlc. <aja (^jjU. ^gJc. lc^. jjj^ л$ •> 3 j 9 3fL lij .(_giij]l 
л, jjfL (j! ^ vnj !il . 4 w Lii cjAui ^! jij! Jjj-a^. j <Lklc acLJ! jjL iu>ii (^jLj^S]! 

(jl uiii (^Jj c_aLjaj . (J jL*J! jL^j! <ij^] jcL 1 x>ia4'iA Ajail]! (jjljii]! ls^ jb^VI 
AjIiaa jj£i ^allVnVI <ajCc. 4jjJ UjlilLa £jJaJ j-a jj£jjj c<9j]l (jjli ^qVJI j^LaJ! 
jL^iV I (j-a jj Lg_i9 (Jfc^rsj (j! j^-AJ L a» x.V Jalij L_J jJ*J! a СД (Jj-u j! ^xi jJJ j . L_J j5j]L 

LJLa. ui jjxuJI jjc. (j-a Aj! Цд (j-a jj£! .^Lj^ll jjlxJ] (jcLx]! jL^iV! (Jj9 

# ^ * 

(j-o 4_Ljla !сЛа (jUaj <jJaia_iA jLiai! ij^_a. aLaj Д-Э j]l (jjli]! j^.LaJ! jljilujl (JAa 
ajlcJ (j! (Jj^jj 1 Vi^aj iLjjjj AjjJI! A£LauJI (JJ9 j j^LaJI (j! ^gjj IjJajj . j-a j]l 

.£$jlS]l (j-aj\ >лл ^aJ (j-aj t j^LaJl (juajL^V jJxi U^ Cllljil] <JaJuiJ LUjjjJ 
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(jl\ jjui! .Aaiij ^LiuuIa \%a А-л jlLa ja ^j'u/a^ dflj£ j*j! j] ^LuajC jJaLa 6.13 j£«uJ! 

. ^иЛ! oLauV Uflj j jluuJ! л_л XdbLLd j^i jUJj dUJI Lai .4 ja*A 4 f ijajj Aioiaj j^UJ! 

jJjj jjjUl! сИ ^jL-UI ^JJJ^IV! g J>^'U J±\ Jl jjuj 4-eS j 

^JaiLJI jiill (jc. ^> n (jii! (Shot noise) aiill ^rj>*>» Jj SjIc. AjiilSI djljjjjjail! 

I J ^JaxJ 0_L^_*Ja]l !Ьд .‘Ig ~ч j! LqLaj c_fljj*_Al! j-oj . ^jq'l'l j^L^JI jlC. djljjjjfU^U 


v„ =j2e\l\AfR 2 =j2eVRAf =j2eV(RA)Af/A (21.13) 


A j ^ Д-о jLLaII j CjLul! jA |/| j ^jJJjj]! JU-oll jjajC. jA A/ ^ 

c. ‘qL Vi JjLjlaJ a jjg >‘ill jjjILq ^glc. -1 aJ*j 0j^_da]! I ЛД j! ^jJaljl! j-<ij .0 jjg >‘i\l 4 _^.Luia 
I J ^ J-ijm J Ll! ^aJjjj]! djLoLoj-a A_l]c. jjjuUj^. J> jLqJC.! jC 


V„ = jAk B T RAf = jAk B T R s wAf/h 


(22.13) 
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jl ^uialj]! jA .(jjlil! ^lijj! J jiajC. LaA h J W $ бАл -iix-al! <LojtLo Cluak 

j /ЗД (j! jj^. ^ * jLiulj w/h Ajc-IjI! <jual!j R v jV AjjIj ^jj^jI! Я -qjIIa 


0j^»jJa (J« ~4j A a^Lola]! j-jiallj j! j cjLiAj]! LaA ^jqV]! £jjli]! ^^э V jlj^ iV! 
£a j>iq4 "n L_fljxj 0_iaula]! ojLiVI ^Jxjj j! jj (j]i]l .i)jj La l-^Aj . j^jj с. \м\\ 

.4 jk\W Uj\ jSU Aj^Jajoi]! AiLi£i! jLpj! ^xa j-oj tS jjg ~чМ! j-ajiaj 



jjc) jjLL Jj jka. jjuJalj MRAM AouuJajLj Aj jlLa S j£! J jj-ajxJ \\^,a ^ujj 7.13 j£-uil! 

jjCj cjjI! iaa. jLjII! jSJj ^Jc Дх2а11д]! jjC ^ujV! JIj . (AjJailej ljLaK iajlalj ^A,»,iaV'j 

j 4jLH]| jja. La! .iai£ ljIajIjla]! Sflji jja. ljLu]! ia jiaa. ^ jLuI! ,j jau .Ajjij]| ljU JVI 4-uij£ 
. ЦаЭ AjU£i! /j jau ^j]! ljj]| aIc jbJflljjj jjlll! ljj]| j A,j\£ll jLuI! (j jau£ 


MRAM Д -ujauu]) 4-» u)j J! Jjjd! Ш\ S J) j 5.3.13 


aj£!i jj Vi jl^Aj ^La! l_jLu3] 4 ,jk\W j AijLAxil 4 juijL'iii a!I A-qjWa]! V J*-1a ^lia 

jl .(Nonvolatile random access memory) RAM AiUjllA]! jjc ^jjUxJI ilii]! 
^SDRAM Aj-o! jIa]! AjSjaIjji]I j DRAM 4 jSjaI n jl j^LaJ! ^i ^j! jjux]! ilijl! j£! ji 

Aj^xj]! ^ЗаЭ jj^. Lg_iS Ajj j4 a\I C1jLaj]x_a]Ij AiWi V l$i! ^jxAJ cAjjoijLiA j£! ji 

4 jx j A aII AajWa]! cili ^! J^tl! ilij]! oj£!i ^^э ajjuLujV! ij^Mlj . lg \с Auljj^il 

л 

jjpij cIjLa jIx-aII j! ^ (Magnetoresistive random access memory) MRAM 

!i! ^_ujjLii V !il J t^iai ££jLi jl P'Jj-Jj ^Lajus (Jjj 3 jA ‘jjJXj-a A_nj ^^Э ju jA *)х a 

. 4 j jL> j» l^j]U. ^jc a jj^aii]! iliia^ljk 
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\W ajj Jai» а 11 J_ajLLa]! ^Jc. A_JLaJ! MRAM II ^ja! ^Ja» a ^»jin 

^iai ja.U. j 4 j ju <iila j-o L_al\jj ^g -Э .LgLaj ^jqill (jjliil£ *oj£1J]1 ьЛ$1 AjauLujL/ 1 4_m]l 

c" П*Ч j 0 jjg'VJl (j£ul ^jAx^o'j liA J-aI^J! 4 AyJl J .(7.13 (j£uJI jJail^ Ь ja. Aiulaj 

o jjg, VJl g.U-aC .1 j^AJ tJllJl JjIuj ^Ac. . JjSLojI LilU. ojaJI <iiLa]l 4 >t U jA'l» a\ jj£a 

jj£j j ; (JjA'u^iaII (Jjla ^ic. jj^_a]I (jjL ^.1 (J£joi 1 ] LmLiV j^jj l-ig -э ; (JjA"uua (J£ji 

* * 

jjjlA jljiiujl S^Llj j£-ojj .Ljajl (JjA"u*)a 11 (Jjja ^Jc. ^juijJai» aL jLijq'ujAll jLJLaJI 


4 j» ‘u*a 0 jjJaA 4juij)ai» a <aiLa <Jajo)l jJ 4'null <iiLa]l j-o SjjLuo]! (J jQ^kll £.l_x]ln jiiLaJ! 

* s 

JajA*4 (jA*Jjj)jj .(a^jSj ^ajljjj jj Allla 4 j» ja] 1 j 4 ') Па 11 jjjjjla]l jlJ jk-aflj^ SAF 
<аДа]1 jlj ^'null <ai)ai] Ajjl ja A t> u jAi» а 11 Cllil£ Uj 1ь jjg VJl 4]l_a. Ss-lji] CjLiJI 


tO ]l JJU. ^э o jjg vJl Cnl£ j <jjai^iA J-qjHa]! cijl£ i(SAF II 4]l_a. ^э А\я ~ч ja]1 

* 

L-ii^jj . 1 11 ДЛл. ^э djjl£ 0 jjg v J1 ^a <jui£L»Ha ь jaJI Aiila]! 4jx j Ai » a с1и1Л I ij LaI 

ji)aaJI ^Э jlj jlaJ! jl jLnll j] jj . CjJ! j 4 a\S11 ^ (JIaxIIujIj ь jjg VJl ^Э С1п]| 

^juijlai» a jjj»j ^jaiuiJ V Ajl Ла. ^Jj (. <aj» ks-i l,Ag j a jlj jlij^aJJ jjJjoillai » a jjl'fl^ 

jjji ja Aj3 <j\j£]I jjai ji]l jj-aj»J! jic. L»_a jlj^L-ajj 1 Ag iSl j .aJjiAJ ju^aic. jl 


. jj_*aJ»i] AjjoJ Ai» а \1 JJlaJ! jjj»iil L_fll£ jjj^ ji^. ^j 


jx^. j^Aj 4 il jA (jflflill t^jlill J ixi^Sj MRAM 11 A.ui.iS jjj ^LiVI (jjill 

jjj]laJI Jfun ь jjg Vill ^Э jla ^lc. JlfaJli cMRAM 11 ^ a£1_ajui jj£! ja.laJI 

<j]^l gi'unl jl£ J t jj£! J-ajLLa ]1 Cnjl£ tc-^l AiJ jalaJ! jl£ 1 aKj i"AjJaia_jA]l" j "J_JI»J1" 
:<iJL»_a]I CiLj» xsi \ j]»jj3 MRAM ]! (J^Lula La! .S^lji]! a_i Iac. (J^La. j^l JiUa]l 

JJC.J ^JuljAi» A jU»_A A qj iS llJbLullj jil jj L-fll l^lil jA jj^A jl_UJ < 1 aI£a C t aVl 

Jaj А*ч £ 3 l JA j J_Li mjAi» а \1 Clal jjg >jll (Jl£-ui! ц^Э ^SVall jl l£]J ^]j c__flLjaj . A juijJii» a 
L fj 3 c. t fiSj u_fljji j^]l j-ual_j»JI jl jLuJa] !.la. LLi 3 J jj£j U 1. a~Nj Uj 1 _a]£]!j CnLiJI 
(J 1 a»Jjuia jA LaC. Li£ A ql'i^ a Cnljjjiui ^ j»j l£]J (J£j .Jai 3 <jL£]| ^LjI ^^Э (Ja»j jJ! 
^Jc. L_ajjJJ Ia j <a]ia-A оЛа^а. daljj £_i-ua ojjjUa j cj^ljj]! c__fll_uajl J-C .1 u-o ^^Э LJLa. 
claliij]! jjjiui! j£-^ ^jiA : л 1 па. 4 _uiij ^-jlaj (jiil (JljuJlj .AJlc. c Lll£j jA Uiii 
. 1 iS a a U]]J jV£ jj t ^aSH LijV I Ja jA *4 £. Luijj j jj j]aj]l j Clajanil (_j-L. Д.Э j jx -ал]! 


ClaLijilj Сп 1 ,аК 11 JajJaa^ .JajJaaJ] ^nlnj^il (JlAajJI jf 3 (^-jLnil (jii]! j-L-aA Ia! 

Ja jJaaJI ь ЛА jA jj!£ J j^. jJ j . jLniln Cnl_Aa-UaA 1 g j.i»'a 4_jJaia_iA Д_а jLa Uj! J lJ]>Lui! 


531 



^a-jJaA]! jV c CllL<^»jJa-a]l jjc. o jlj j L_L>ij oUall jJ J jj 4(_£j! jUI (^Jc. 

ajljaJ! jjj^ JJ-vj c jjjSII AiUall ciLJ g "ui.il j! tillJ L_fll_jJaJ . jLilll ^aJjL (^Jc. SjjLJ! 

.La LLjIaJ 


What come next ли I jb> 6.3.13 

Ballistic magnetoresistance 5jai&! 4u.nbii л\\ LajiiJi 1.6.3.13 

LijiL A Uii iLa j» a A L*oj (^Э BMR A, )ЭЛч 11 A Ua) 3 -al» a\\ J_ajIaa]| UjLoj LiijIaJ 

оЛС- <_£ jLaJ A }i.i.i iJa'ix a J-ajLLa A, Ui.i j) < <U*-vn A Ui,i ) J-a *1ж л J_ajILq (j! jl ^LiJal jJI (j-o . (jjAjLU! 

(. L>Ja! .Ajjilj o jj£_aj (JLajLLujbU I.W Ajjxa tAlxJlj CIjIIa xjv ^lia. j! cAIaIIj L_flV! 

(j! (j£-aJ lg j<a 4 _iua]I CjI jjg ~ч' Jl j)li IJl J H.W ojji_x-a BMR ]! dj^L-aj j! ci]]J (^Jj 

1 g ]» ~4J ti]]J (J£j Uj> GJJJ^ BMR i! dj^yL-aj Ajjuil i.i. 1 ^ J . Ija. <iliJa tiiiLalA j)A IjL 

. C-ljLj JJ^! 


UjLoia ajc. ii]LjA tBMR ]l (Jj*-Lq (^Jc. AajU CIjI jjg Vi <aj (jj^j (j! (Jj 3 cj^i 

Ajb! jaj ^ajujJj ^a^II ^jjj-aj]] JjIS a jjg Vi\l ^.axWi tiiliA (jjfL (jl ^ . WJ Vjl . 1 g i~4j 

f f Z S= 

I! dj^)L-a j JiJas! ^jj^aj tLJLa . (J jAxi jULj Liilc. 4_ia.LiiV! (jj^J (_^ l-W SjJa. 6 Jj^. 

ciiLoi (^Э I ja. (J J 3 J ciiluj j x'W ) ^JxijJ-v» x>ll J-ajUaI] Ajjuij (^Jc-L L LWn ^ji]! tj]]jj BMR 


<JAj-aj A \)Laj fcJJJ^ (^jL J£^A! J^Jj]! (j^i .^Lj^il ^JjJajj]! (JLa*JjujL (jLj! 

c c 3 

L <ajg,j (__g-]j! (_Lc- lULa i jjil AjaL (jA .S j jaJ! 4 qj'Wxi CjI jjg -s'i ^ Lx j j ttg_i3 ^Lill 


<а±1а (^Э (JjjILL! AjjjL L-JjiLi ^J^J ClaLLj (_ 5 -]c. BMR A L-a j ^jj-a] Cj! jjjJjuj jJjJaj ^J! 

. (j njxjla j»A jjiLia (jjj ju-aSJ Л UiAI 


(J J*Lo ^a! jjj J_i3jJj (jLojJa C_ 1~4J t^LiiV! La^ J 6 jj£->li]! ^jxu-a" ^Jj AiluJaVLj 

^ tL_jLjj! tilljA j t(Jl_A*jjujVI £-* BMR ]l cj^L-a j Sjja. (^jjjj tLJLas .q jjg >ill 

Я^Э.УяИ <L-aj]| A_iLL (jl (JJJ (jjiaj (JaC. ij]\jAj .Я -ijljai! 1 g "пЭ jJ j (^Э cjlja^! (jjoia.! 
(jl£ I jli . Ig X i) q j Aa.LulA]! cj! j A ql"W^II ^JaU! (^Э AjjLujJa c" u xhI ц jxjia j» aII j AjjL J^il 
j» >j jjL SjJa. ^/u-a"vll 6 JJJJj-jj С1и1£ jl (^Ja. Aj! (j-L- (J jiajj Ajli ;La_iau-a cillj 

L_i! jc. cj! j (jj^i l_ a j_uj Яа jlLJI cjLjLj (jli cJIaA^ Д_Ь 1 э cji^L-ajl! cjiLaLmA cjLjLj 

. 4_i^,Lii^U a \\ 4 i 
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Enormous MR 


SjjlgJ! л\\ А-л ,jl3uM 2.6.3.13 


<L^.jj ^lc EMR A-iuuJalx a\\ <J j*-i-o j\i cIIjLuj j£i LaI Из j 

ILa j .^Juijla j» -a'l jljjC LS^* *^ixj V Cljl jjg Vl ^Задм jl j£-oJ AS^ AaaAVI j)-Q S_lllc. 

AjjoiC-VI CjLui^-a (jijj jl j^-oJ ^^jil! ^J> x_^i \l j jIj5Jj-uL/I ^aCC- jCL -лл Lli£ ^xll 

jA EMR II o j.)g >'l ^^Э 0 _liuCall jl tiilj Jl L_flluJaJ .AiLi^jl! Sjjjj^JI 4 juij)Vl» ^il 

EMR II (J^LuLq LqI .AlixjjaJ l-l^. t Qj* x-V ^cJ^uJa jAj t-Iai^ (jjlj^-l! jj-uiij>. 0 _i>uCa 

EMR — II (Jj*i-o ‘Vjl -Э . J jVI ^aLi-UI ^ju-VJL <L-a dilJ сз -^- 3 'g jjxlij c^' 
A-iialj jc*-° £-<* ‘LqjLLJI (jjai^-i* ^yi Loj ^Jc 1.1^. S_Jlc. 4 jj£j^. (JaLi c L-V ^^Jc 
(j-al-£xkjl! ajjAuJI MBE Ajjjj^JI SuijiJlj AjjjiJI Aj-qVJI &JJJ^J iLlL^j ,1л^. SjIIc. 

fijjjjjui j CL-Jj'Li-q'I jjiiL A-lllc. 4_i£j^. Cllli (Jilji ‘“J sLuajl ^Jaxj jil! Iac^j 
4-ia.LiiV! A-Jlc. Jijjla iilLiA jj£j jl J lii .S-C.I u-a'l ^\\ (Jijl! A \я t/ij A, ni-ii 
tLliLi J .l$J3 4_£jaJ! ^ijj jjC j-o LgJj^joJj tilli (JSl jji! C—flLuaj! Aj-dlil A qK"Jl AjJaikj -й j 

(jsuii u_i^i jjj jjjj j^.U jV 1 a*a j jLo (JsLill c_iuai j j л*-а 1! ^ljjl Juul 
jj£j LoAic. Lib ^jjj-Q S-Qjli-Q j ^_2 ^^£jjjai j^L^. Lq! . I jj» ksi jjfL jl <■ . jjx-ai! j 


l V-o'i ^^э ^^-Qji jj-uuq jl£ lilj . AjII Vi-q jjc- jc*uii!j (JiLil! c. V-o'i ^э ^-oji с_а! ja. 
i- V-o'i AjliLil! (jUai j-o (jajli u_a jjj cjl_i jjjfUVI jli c jCx-L! <i-a Jc. 1 (JaLil! 

^a jlij j j-o^ jjbUj Sj Jji-o (JflLil <- L-oj A u jii-a Aija c. q'-nj I СА j . j jx-all ^j (JiLil! 

* 

Л -iilc. j jbt-Q <J-aij jn«j ciii i ^ic. a j jlc • j^x-U! ^j (JiLii! c. <U-V j-o CllLia-uJ! Jliji! 
^j-oLusaj ^Э C^jJ tljJ^lj .ijjl ^alc ^Э A \я x-a SJL-u-q Jilji U_fll_uaj! dJj^JI 


30 Sjjj j)-a l^jLuili-e ^jJajjl! <aj 3 j cjjLl^j EMR 'I cial L^-a' S_illaJI S_iijV! ^oLaill 

^_Ca! jl! j -qj . LgjsuCa jj JJ*1 j! CliLl^il! cCjLq jli-Q Clijjiu I ij ь jjg y\W I _jl jjxlij СПШ 
^Liij 1а*ч ^^Jc Sijg un Ал. jJaj j)£-oJ !.li>. I -Qj/AA-oj (Jjo-li (j-JJ9il ILa j)-o \ -qj-q x^a‘V j! 


Semiconductor spintronics SJSU l iuU S^ilu^ cjLijjiii! 3 . 6 . 3.13 

д 

i 4 Uj,i )Li j» -ci A-ojli-o jl ^aJjjj ^aLo-ua j)-Q Д-С j U-a-a'l 6£.l jill (jijjj jj* 1 

t-Lalil! j! Ajiiii! j! SijLAxil 4 t u j)aj» -o'l J_Ajli-<JI jjxi-o ^^Jc ^с-иШ! cjl ui^-LI j 
^"'1 .* diljt Jc. VjV tSpintronics (ajaijJ 4 t "'l.;'jj" | SII djl jj* 
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L_Luj£jj c^^^^-ajLa. ^_ujiaist-o (JiLa. 4-Lajujljj Cial» aVi\I оЛД ^Ltjj .^aJjjjll A ^iiVq u*ia 

djLij j jifilV I U jjjj ^jII AJUJI j^l j . jjjiL j^£ j j-o£ <j ji jl jLij (JU*iiujlj 

LajS j . (Jsl jill c_flLx-ail ^ic. Л-лЛз CjI jjg Vi (JLostJj-ol JSJ j-a I g -aL-a» ai Ciul <jjjJjuJI 
c L/ii AjjjJjuJI djLijjjjilbU A 'i^aa'I IjI j-UI L>° «^«^Ul (ULiA 6^.AAnL^j»'^ll (Jfauuj]! j-a4j 
Ajxjjlaist-o]! ^ic <-ajli]l Cill jjg Vil j jj Vi tVjU . Ajjuulajx-a]l jl j-UIj <jjlLo Д-]з1_л]| 
jcLst-o j 4 _ajI j j Aj3 j-q Jailit-e I (JLostJjujV I A \я x-oll jl j-UI j-o ix. j-o^ -л ^ic. 4j.lj.lai! 
^ic CjI jjg>'il ^LL *Ь1 j-CistJj .SjluJa-Q AjjujjJaix-o jlj-oj (Jjl jC-j AjxJlLaix-oV 
Laj 3 <]jl n-a\l CjIjjjLIII ^^ic-j cclj-oll algi Aj£jjl£j-all j AjjLj^JIj A u j)ajst aII j-ajL-o4ll 

(Jjj3 j-o ^ji]! d ^UI j-ajl t/ii (JLiaJjujIj Lu/i LJst-u^a]! j-o cjljaLM (juia,! ^3j • I 

cjjjsu IVi^aj ;(JIj-a]I (Jjfuj ^ic. .^И (JjJafll jj Vi\ Afujjiaist-cil j ijjLjf^]! Ajlalj]| 

CjL j£-a jjjstjj jl LfJjLoiL A nst a 4j.lj.la. AjuuiLajst-Q <iiL] A _u jLsj» aII j-ajL-ajil 
j«n. \ ^ \cl Liajl A \^\ \ V a \ \ j 4 jjL j£^]l 1 ^ >. >. -n. ^LilL jjstj 1 W <\ j c 1 ji L Л«у 

11 Lfj-OJ ci_a.jail cl j-LI l_jj£I jj j-o CjCstil jl cj]]j ^1\ L_flLjaJ .Aj3 c_j jC- J-Q JtJC. 

jjjoi^l i Ljlv. j Ai^Listil Ajjuuiajst_A]l Д_а jlLil cjli ^jjjj]! CjLqIax-^i ^э CoFe/Cu 
ijj jjjilV! ^^jjll (jjij ((js ! jj ^ic. jl^ ja! jj LfuJaja cAjiiil! 4l^ jll CoFe - ^ jjlUV! 

jiastJ jlj-L! ciiL 4a.ljjj .Aj|jj]l j-o Lfj -й jLiikVl j^AJ <_£j]l c!j-L! 4 -ajL j a o CjuJ jaj 
Lst-o ju-alij jl 1 ~nj 4 aII dj-Lli .^jiu^allj ^uaiLst-L! (." n*\ j-o 4jst-u*a]l LjL.wMI 

• (J^VI (^lc. ^j-° Cai! j! jjljail UcAaj £_j-oj tlg KL £jC L_iaJj ( LajLuu liL-ali! 
. I \я is-j 1 g L^Li'i (Jstaj La I U j ( A q\j-4 a (Jjsluuj j jia ljV Cslaj A q\"i4 a\I j! j-L! c. L-o"i'ij 

^icLj]! jLa iLfl )a u>»\ ^L-a (J-Astj-uj ^jj]lj Ajj! jai! ^uaiLst-L! c! j-L! tiiL (JaVi*i j! L_±ajj 

Cjlu-ajj LjjjJa LujLujJ! CjLfla]! jjfiaj j (‘icLja-U! A jxjLiist a\I j 4_u jlaist a\I Ljl j'Vi\a Aic 
tj]LiA j . I jjj^ cJil c! j-q ljj£! jj (J-cjCiuja iliLi! c. L-o'i луп uj\I CjLi j ji£]V I L! . (J j! jsti! 

diCj 1 g k-o i\ х-о~ч iuujCiAj )a u-o j^A 1 Ai! (Ji!jj]| ( sL-ajl ^Э Д_а1д 4fuAuuil 4_L-a 

iaiLst-Q (JLsijjujLj ijjjLJ! (J£LLL! Ljaj! Liuui^L ci] .<j]3L]lj Ai\Ja]l (jUai aja^ Lfj-oj 
Д -UJ J^c. AjLa ijLajj-ol jjj£j ijjstu-a Lfj-oj jiVist a\I (Jjiai! j-iuiaj] 4 <Lj3j AjjujC-I 

Ajnuu' l LjLi jjjiiVI lj! jjf^j jii jl .(Barkhausen) (juijLf£ jL ( , ii>"i j 


^(jAjla ^ * ji-Vist a (3j3j c-LuiC. ^^Э 4 __u j)-a*i» a\I Ii\j£ jljjj ^ lc* S jj jjJaiL AiiL]! l_L 
jaj ^gic. Lfjjj Lu3 lj! jjjLI! (JcLjj AjU jil ljL j jj^J) ljLjjCj ^^ic. ^ jii jl j£-<j Jj 
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(jjjalijj L flj^aj A_linxu]l djl-lj (JSa. jUdlkb jVI g-ub&j L_fl JJJJ 

j-c jjjxll jjajxJjujl Ла! . Lg_i ^LojaI cilLiA jjfLi jl j^-<^ ^jJI Cljl j.)g Vill jjax j 
C . iLl'q Utl^ll ^Jjdll dllj dj\ W t,1\W dlxLdj jj£jj LalLa. Aj| OJ^lkVI Д -jjVl L_Jjldl3l 
Ajjaijiaji-o (J jka. A_]ajujl jJ I g j'sWxjaj dlljj j^-o AxdaJ (J jLd dliLobO I g IVl j*N «о j 

j j-c cGrAs II (Диз j-o ^iiSI cJSI jjll dL^jl jjjd t^il j]l «^Aj^jLa. 

^gjll 5iLjiA]l (jl ;^Jjd3l Jajl JJ AiLabo (J jJa jl dlia. jxi 6 jldua 4 j n u» dLu j JJ^II 
LJU. (Jjj^3I A K x мхл\1 Lftl . 1Ла. jjj£ iJajljd c_j\ Wqutil ^^ic< ^aJj-ij Auijj Lg_£-ld JaSLd 

L-J jl VJI j-o jjA*JI (.** Jx>y'util л£! . L. . 1 Jra.9u ^aJj-jj dli A\~\ /j (J^l ja. jjj£jj (jlxlii3 

jUaj j-o I g Wl\ dLjjdJI 6j\jj (_^Ас. ^LojVI Ia jAia ^ajij ^_£j]l (J Jx^n J1 ^da3l dLdj 

a_aj Л_л diujj] a q jjLH c, L a j£3 . c * i ). >i ^ p jd ^Jajoal jj AjlaLj]! (jUaj Л j3l£j]l 

Ll Д п y>-v Ajjoljdx-Q j jLx-0 jj 4K ki\\\ jK J . ^ nnLiW .aII jj^k_d!3 


I ur >л 


СЧ^ 


jiail 6^Li£ j* -N j Lc Ijbj 6 (J3l_j]l L Qj^gj J jAxJI jjj JJ ^ll Aj]3l_j]l (jal Jj ^a-iC- 

йЬд jiail Д K ь1\л ^ic- Қ Jar‘JI dl_i jdi jVI lilLjA j£3 . 1Ла. AdaLd-o ^-4Jj-ij]l 

j£ai SjjoiIj-o Jdjia (Jjdslj .AjjIjj^£ (Jjia. (JJjJaiiJ jl AjSaj ja.lja. (JL<ixjjujIj 

(Jsljj L-alx^ajl (JL<ixJjujIj jj£j-uj (Jsl jj]| ( flLudl c . 1 Wi uh<q ^Jj-^3 dli dLj^uj 

A K Li^ll ,jLx3 Д.^ -^lj id^)]a]l йЛД jl (jjal j.d<.>il (_£^)a. -iSj t^Aj-li-la. 4_UjjjJajx_xi 

!l (_^l c jVI Д -ujljj (JSI jj]l L_flL-ajl jj£V (_£jj-aa3l (_£jj£ Sjlja. A_a.jj jl 

Adaiad <La.jj oLa jl ^daljll j-aj 4 100 K jd (JjLd сМп — J L_Jjjoui]I G3.AS 

dl j (_£ ja.1 AjjoiJajxui (Jil jj (. — iLuajl jc. dL , jLt -л d]\_jA j£3 . dl 3 nLijll xi 1 Ла- 

GnN — !l Lg_i*j cAijxSI Sjlja. 4a.jJ ^.ladu jl j£-oJ (_£jj£ Sjlja. dla.jj 

(J 3 I jj!l <. — flL-ajl (jlJ <j]jlluLA]l jl V] «CO J L_JjjLa]I XiO^ jl Mn J <»-J _5 ^оа31 

(Jjjjoi (_^-!c. t]Vln J <»-J _ 5 -Li-a]I GaAs !1-Э . Lg-aLiij Д -Jjxj-a jA Ljajl ь ЛА AjjoLila ikA 


4 ллИ11 а. 11 ?|| Sjlc. .GaAs J jj jl jill l . iIj.^» Mn jjL ^ ja ijliLall 

5Jlc. Аллп11 Sjl^)^. l " ' ii £ I jli .ojjlJI MBE ajjjj^JI LsjpJb <jjj1iSI 


• GaAs jjJall jc MnAs jjJall J^»a Jl 4_p>a <1^^ Mn —II t-iljj jLcj^J 
- a.^^-all jjsj tTiO^ 11 t_ l-uI jj jjj£j Jl Co II J^ej AjUja j^-j Jcj 

Vj .Co II CjUt.jsVi j cjj (jlil Aj . t luil jjll jc Ajj. j 4 un.U.'.. Л alljjlS jj (ji^ji 

jjfLi jl t . 'JJ Co J I_ljjauill TiO? II jl (_jJI jjjLj (jUajll 4_ш jLiUUj^. jl 
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£ juCa j c!jj£.l . ^^Aji AiLa. 4 jjj£V 1 (jUaj LS^ ^Lla jjj (J^ C. <и*Уз 

^>/>1 (J^i£. j'q Vl (ji]| JJj£]l ^aCiij]! ^Jj Ijiajj t(Jia_]l ILa ^Э c :> 3*ч J1 Я aII Cj! ja]1 

Alc. (Jaxj ollid ^UxnJ-i j» a (Jiljj <— ^Lu^ajl jlj (Jjlijll ^Э j)JxJlj-Q jj£j V ЛЗ cdjljjjoi 

.jjiaciii AjjjS Aijxii &jij^. я_>^л 


(J jl j .AjjjjjJI cAjj jji£lV! cijl yjl ojj-salk-Q AjJ^LIaj ^^аИ ILa (^-6-^ 

S jjg >'j jAj i 1() ^jjJjll ^L«ix-a jjjjjjjljj jl c(Monsma) L<uaijjA jjljjjljj ^ o jjg >'j 
оЛс.1э jjj^j j^3 ^ЬЛ! ^xiAj-aj]! Lo! . jili u_L-ajj jiLj ^Ас. (j ji Vi Lgil ^ j « aj 'n>& 

jjruJj cLiaLa! dldjll jj^uJj .SCcL^j (Si (j-Q ^j'u/i^j Clic-b jjj Д аУча ^aJjCj ^al ax^i 
L frC ja> a ^J-axj (^jj]! (^^JjCo j>lj^- -l>ji t jjSj\u.il\j JSUll ^чМа Ajc j . Llu£c ^х a> a!1 

>1 lili .слсШ! aILua ^ s> cjLj j jjd! cjicLJ! jk^jj .^*a> aII j CjcLJ! jjj л^ >11 
^Iai/i ^Э 4j**ij)-ijx a'I CljLaja]! Cjljl£ lilj . ^.a> aII ^qJ-a'lA ^Jl Cjlix-aj ^L^j3 Ijj!£ jjxjjj 

(jx-aJj I jj!£ jlxJJJ V <j J^d! (Jjj£V 1 ^aJjCj]! CjjLj j jj£]l (jli cAjjljJA ^jjjjll 

JiVlj Ljj^Vl fjjjjl! JaIj^. cjjjjxjj tljotiSc ^jjljjA cjjl£ lijj .Ljajl a>aII 
ЯК^аИ La! .^x.a>aII jj-aj j! jjC jA SccLi]! ^^э (jjl ja. jj! jj <ILa. ^э d±a_»alj 

jl l t 1>J ^aJ j Cj]l ^Iai^ . jCaia_i a 4j 3 jLij]! ^J j (j! (_s-£-^ ^aJ jC!i]! ^L<uua j jJjj jj! jj ^^Э 

jCaia -з d]j j£] 4 j)j£Lxja]! (_^ jljjilj l _$ j! jj]I J jjj jjj-Cii] Ajli£ ISjax*) jj£j 
Aj]Lc Jil jj jiLx-aj! Ajajj Aj jxu-a ^Jl AiLxCaj I ЛД . I jj£ jA> aII (J x*aj J i]| _)Ln]! 

. (_]э! jj]l ^^^Jc Sc j>il 


(Ji! jj U_flLx-aj! j (Ji! jj jiL-saj! ^Jc <Ajli Ajiaj Cli jj^-aCj jlal jxJjuj! J j> J 

Я»Сз Ga(Mn)As-AlAs-Ga(Mn)As j-o Ac ju-^a Ajiij Sjj^aC Cjiiax. cii .Я ujbix A 
jL»V! J .AjJai^JA]! aj! jd! CjL>jC Cic %70 j^i ^jla. c." Jx*a j AjxxijJajx a Яа jLLq 
j>U. (JLaxjjuj! jl^Aj o jjA jijj (AlAs) JiLj c. <и*Уз ^jiaj j>La. (JLaxjja! j! оЛ)>11 

Я_> jC Lx_ila Ajjja]! jL»V I La! . (JjJa^! 6 Л j> Aji! ja ja (j£-aJ La I ЛЛ j c LjcLa iMjaui 
ПлааИ cjjLn! а jjg >j i j ig >MI dLa j£l . Ga(Mn)As — U 4 x>»q4 ‘ja!I jjj£ Uj- 

£a Aj]Lc ojlja. C1 jL>jC j! AijxJ! 'ijlj^. J».jC Alc 1 g IaC £_1aj C t lUti ja dliA (_»Lj 

et5 icl (jjj^ Sjlja. A>jj с1з!л Ajxxijlajx a Jil jj c_il x^'il 

LujLaI о jjg >М1 oCAj . ^AJjjjll ^JiaJ! (JjxiAll jjLujjjljj 1 j»l j^ij 

Aj 3 ^aL^Jl ^^uoJlj . j\jCj.la. jl jxxijJ-a 'зх a 4j 3 U_ajj-a-<Jlj ^х,па 11 t^Jj^s (JjxiA jjJjujjjl jj 
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SUa jjaaalj .Lijj -ал]! 1 g я a-njj tSljil! c t jjVq utijQ ^jjji lU' ji>j ^У^!! (j! > 
jiL^. A_j£ja c. t j uaii Ia jq hua Л Sjjj£ 'Ac. _jjuij (Ja! j^J! (JilL tA_Jlc. 4 j£^>^.j o J j^J! 4j]Ic. 


jiL^-il (Jj*_Lo j£i .oljL! ^Lj^UI <jiL^-ii (jjnjjji (Jjj^j (j<a a>jL ^ j» x> 

SjLuo! (jjjLi Ллс- ;!il .Ajjj^V! (JJ j^ > a±c- l ‘alj^j a_JbV! JaIj^. > ^ nnlVi» a'! 
(jjj AjlaUl! JJ*JJ toljL! <lLalo ^^ic ^ uijiV» a (Ji^. (jjjiaj j! cAj! jJ! ^^ic. AjjLj^£ 


л Qj^-ft!! j ^ju!! 


Summary Д-иаЬШ1 4.13 

1 g kJ^ix ) (Jl_A*jjoi! A j f \ j iA Hanii \я Л LajILaI! jA! jia jjaxj (J-LuaL! ! ЛД ^Э Llui^L 
AjiL^J! L^jLlniajj jA! jkSI tiilj (Jlaj . j-a jj-alJ! <>j ^ic. t^umjJaix a\I (Jj^-uijil 

1_л jL.! j j! j-L! £-Ljj3 ^Jj ^a j-a£i! cjljjl ^L aII (j-Q LIaJ Cjj*\ \\ (J.Wj!lj 1 -ахДл Lu! j Lajj-o 

* 

А,и jLi ix х>\1 i-AjLLiii AjIUJ! A-LujLujV! CjjLajjlajil j-a^jj -<>n1LaH CjI jVqj j-Q A_J! (Jl-a jj 
(Jjj 3 (j-o А-аЛ^а\ 1 o j^.V! jjaxj A ]-i * *il jJ Lajj 6 ^ x jjJa j» a\I (JiL^il (Jului^j (JiL^. 

cIj! jjg y\W ^э AjiL^J! cjjLajfLji! j£i . Ay jL » \k a\I a jqjll cjjbL-a jil j ^j j jjil cjjLal ax-o 
л! j-ail (jA CjjLc. ja^aJj 4 A g ~ч (j-o A, Пи}}Уж a\I A-ajILa]! (JjxLa AjjujLul^j jlcLoJ oJ j,h<a 
cjjLj j ji^iV! ^jL iliij ^a j . азКа j i-A.VqjA ^u^JLxa cjjljlij (j-o !_^аэ! jj Iaj олд» a\I 

oCjC^. CjjLjjlajj Cjj| jj^jCj ^ij AiluCaj ijjJa^! <^JIxa (CjIjjjjjujj л! ja ^La! Ц -lLi! Ajjjjjuii! 

c." j^jjl (j! л£>]| (j-o 4^_э1 ji! jjajl (^g-ic. cjjLajjlaji! j ci! jj^Liil tiiij (jLCL (j! ^ijj -Li^ 
^>jLii jj^Vjj l_j jjc (Jac (JiL^. (>jj L_A juj (_^л]| Ajjjjuii! cjjLij j jj£iV ! jiL^. j-C 1 ujjjui 

,а_ал\э]| cjjljluii! ^э A-uiCj^-ilj л! ja]! ^ic.j ajjuiLujV! s.Ljjail 

Questions JjIuu 


(j j! jjilj (j j! jji! ^IU. <a jLLJ! l_jjui^I tCjjji — cjiili ^jjAj (JLmCIuiIj . 1 

(>il Co(30 A)/Cu(20 A) cjjLjIail ЯшЛ^З 4 juniv» а11 a_ajLLa] 1 <jjmj j (Ja£Lxja]1 
lIjLa jUaI] а1 ji*-Q Laj3 .ojj£ja S-I^j 25 (^) j 15 (l_j)j 5 (!) (j-Q L_fliLj 
= 0.7 ^^jIa]! ^jLLj ^cxi jLolc. (jAxjjualj 4^1 ах]| cjjLLnil Jjic jA ajc. jjil 
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_JI J 


— 10 4 _iC jj]l A - qjIaaII jjaLj ^ aJC . ( J-olc j 

Рт 


С1з1л^ jll J.1C й jLj j £-о JjI jj]\j A-iujjJalx х>11 <-ojLLa]I Aj-uij j! jajjui! ^i jjj (Ja .Co 


?D jj £ j -< l ]! 


CjljjjjilVI CllliUaj CjliUaj]! AjLujj Jj^Jk Jjjjiajx-U )a u j CjUUaj ^Oj-oj ^ .2 

^-jujjj ^jLoj лУп*ч .^jUj]! (jj-a^l! (j jLuj A ljjL jl.viA i ^Ljjl £_a Sj^Jl 

• <3Ua]l jUjjjl 


£ i,T 


/T 2 /c 2 

2m 


A 


2 ;.2 


8 i,i “ ' 


/г£ 

2m 


- + A 


^LjJI ^Lua^jVI (jl Luiajji-Q ^Aji ^Jajuj ^jc <IL^. dj\ilj£] ^aJjJj]! L_lUaillujl L_Lui^.l 

cIjVLqj^. 1 jlj ((20.13) aLU-U! ^aVudI j ^_Aji AiUa j-o 1 jjj£ jsl aJjLiU! jc 
4 _ iijj ]| 4, iuj . Uaj *. < q 1 I ‘ LajLLa ]! ^Liuij c _ jLui^J л П Л ( J - axj - uj ! . 1 (j jLuj ^^ iiU ! jjj *]| 

.(julliere formula) j^l ja». <]^U_a J I a xIud U 


6%30 (_£ jLuij AjuLiiaji_A Я-о jU-o <Jjuij j с/?Л = 4 £2|!ГГГ J Ajiij <L-a j L U-oTi .3 

jjajcj %20 (j jLuij jjj ja jjaljjab .150 mV (^ jLujj CuIj jLiaJl 
Д -ij jj&JVl ь jLujVI ^jjuij ^jj-aj (j! ^jc ^250 MHz ^jLuij (jjjjj (JL^_a 
?U]£ 0_i^_jJa 0_i^»jJa]l jl£ 13! 20 dB (j-Q ^c_i^uJa]! ^Jl 

fjjji (_^jLuijj cAs — Sl <*il l№^.! Ga(Mn)As — S! Mn l_jj! jUJI Jjaii .4 

t^juiUaji-U! ^jxJl ^uuLi Mn — Sl fJj-U (J£ (jl (jja! jjsL .(5/2 )Й Mn 6 ji 

jjc A-ixiiUajx-U! AiU£ jIULa La iMn j <АЛу\ (jj^. a£jJ]I £_uijj JjjU (JLaaUj 

?%6 c ^ jUujj AjLui ! 
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jLjc. *_ilj]l (JxfoqH 


^uuIajL^l jjpJ! j-uallc- 

Elements of Magnetic Storage 

■ UUjja Л Ujjjjjj jUls .1 jtjjjA 

. UjjjaUlS ^Aa^uji. jlui t jjLUI IBM JJUui jSjj 


<j«uukjLdl jjjaJI ^jJI 1.14 

Introducation to magnetic storage 

Ulj^j 1^лДЙ . 4 1~'.Гд'~'\1 . . 1 tl * II j-Q 4 innli'it Ul j^aljsVI dllaljjoj jjjjU 

<Lc. jjuij jjjj j-aji L) -0 10 nm ]l Я^Ьшл ^lc. 1 q\a х> ju jLa'ia .q (Jj^ui'i (JjjI J jj 

Ц|~> wi'i (JjjIj (jl ^ Ajliull слЦ AAjI^J! o^li£J! j*£j .<аизЛ ^ Sjjj 15000 
I jijj j! j£uiJ t£jjli]lj ЬаА tjjlL<i]! ^^Jjjlj jjjj£-o !i j^.1 j ^^-unlajx-Q 

A_illx]| o^li^ll oLA (J», >'ij .100 Gbit/in 2 ^Ц! (Ju-aj Ljililj£j ju jLi'i» л 4ijj^-* Lliljljj 

JUj^V! <lnjJa 4 1 L. 0 II (j-a!jiVI jl^-Q jjk ^jlij (jl (Jjl^. (JLgj^.1 

j j^jA]! £Э juJI ^ jj]l J'Wi 4 iL«o]l 4 lui iLi'i» a \\ j-aljSV ! LllliljjaiS . jjJ-Vi^!! J j"uj.i < q!I 
I^jjaaIj (jjjoJ! cj]]j c." i» -N j'i L5 j .LliljVjjl! LIjIjIjL oLc. 1^_i 3 Lli! jLqjj-ujV I ^Li *LcA 'u^i 

LjjLuilLa]! Ц1с. LlllkL 4Ш\ oLA jjlaj jljLiui! (j-o c." Д_]11д JjIj-q jLjjjjui! 

.Ajjjljl! 

j-a ji^ ^ uijLa'ia л\\ Jajm j]| l jjj j^ua jj L_lLua]l ^ ijLa'l» j!I jua ji]l Яэ! jjui t a]Lli 

Llilija oLC (AujjjLj) ijijJJ uijLa'l» х>!1 j-aji]l ^iu-aJj . (Jj^uuil]! j^ljj (dilc jljj 

й % * * 

4 u j]Vi» ,a\\ Ljllajk]! ^Lax'ij .(Lillc. ^L^jl! (j-o^ li^. Auicljj LaJajuiA ojj£j jji 4 \\Ля a 


* * Jordan A. Katine and Robert E. Fontana Jr., IBM Almaden Research Center, San 
Jose, CA. 
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4_L-£alil! AiLoui]! S^Lj (У ^]! !^>lajj . <a]jA ^-^fLjj ^ jLc> jjjj^]! ^lc. ^jL) ^LLu 
jj£j j! C J~4 \ i (J )~ч Atnl! 4_jl n J ^-uLllaix-a]! Jajujj]!j ^jL-a]! (Jj!^]I jj J 

• l^. jjjLSj J^jljj]! J AjLuJ! liijia 

CIjLq jLla]! Jj^-iujj] ^Jj] jj-LL LiJajl L_S^)*J ц£Л]!) (Jj^_ (JJll J (J_QJLJjuJJ J 

* 

Ajli tjLuVI (j]jiAl! (j! *l)^ о-° ciijj^. L5^! ‘HjLLj]! e^l^ilj 

^rLij! Jajlxk Я1А*11и1А]| lA\\\ <g_jLaui (Planar) 4^Ja-uui 4 j^J1_x_a CjljVq'i (JLaxjjujL ^u/ij 
Cfijlx. AlTiC — ]l j-o t4_L-£3jx Aj£j-q!jJjuj ajj£j ^Ac. L^' £ulajJ • jL-a j-L! ulL-ajl 
ул ?.l^jjVI 0^-j • Lua ^ijx-aj-L! (Lapping process) jL-al! S jjjjui 
JS l 0.5 mm") j^jjj]! £y* c_flj/V! ^^lc. (Jjj^j ^р]! Ailijl! j^aai c4_^JajuuJ! *wll« а11 

П -ll^. -lajljjai]! ciiL (jL-aJ i(Jijua]! AjLc »(1.14 J^-ill) Jajljjuj ^LjjL jjjIj 

ш 

(Air bearing surface) t-\ (j-aJJI JajJ I AjLlsJ jjl j jjkj Ig-iic. Jkj j 

<il3J jbtjl йЛС- LLiAi (jl LlA ^LLi&jU Л (jji ,(jja^)i]l A^ljJ . £ jjoj (jill ABS 

JJC- sjjjJjoi oilA j t Jiuall sjjjjjuj (Jj 4 Ajj jjJall Liil jc. jjJIIj 1 дЛ;Лаи J^J U (jjl j]l 
. (Jj _-.a'l Ij^ Ajlgj (_^i I j jlc VL-j lax j JJJI !i]j 4 ^a.jVI Jc. jjJjSII Aij]Le 



.Jajl jjji ^JI AilijJI (ji-ail Sjjjjjji tUt' . JjajjuJI Aili jl Ал1*л л]| AaJU-U) Jjj 1.14 JSjuJI 

(jJa jxaI) jb, ,.П jj Jjjj jbui j J£- JJijj lilijj AajjJj .A-Jljil tliUSjlj ^JI J jjj 

•flj*a 
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t- <а\х> ^jLu At.s-1 \\ л! jj . 4 Laj^n ls^ d: iLjLn]! A_Aac. LaI 

(_)J^)]! (3^^ !1a ^^u-iLllajxA (j^)Lo (Ja*4Jj . ^.ААиЗ-а'!» a (jSJ A-lL-aj-all ^LxJl ^)2-v'l\l 


^jjj junJViae aII JUJI ^jj^JJj .AijjJa £j^3 \ Ag nj Jj-^a^j jj п1аЭ j)A (jj^JJ (_£,i]! l_uL^]| 

oLAj .(2.14 J^jaJlj (_j-aji]l (_^-21 4 )ni jLi'ix a\I djLaJall AjjIja 4_i£^)a j)A (jjJa^]l 

j)A (l" J)\l ^lLalA^ ajj xaj <alalA oJLa]I CIjLjjj^ Я1а1л_А A_ia.jj] ^ 

.^jj£L*_a]I oL^jVLj Clu]l l" iLa'j» a'i tL <>\a]I ^)Lil]! Д -iJajj aL^jl . (j-a ji]| 

(jV A_l]jla]l <x_ula]lj LJU. AjjUuII AjL-a]l j-aljSV! CljLiljjai djLjLaj 


. (j jJj-ha]! ^Э Li jx a"i j Isj-oj]! 


MRw Sfr ! J^' u^' j 




JSl£ 



‘LojILq Jjj Jj^js Spl j 3 j.^n'.r~ 

GMR ^S^LaC- 4 HHjLi'n 


, J 0 Jjfce JjSj fUc- jj w > Jaj» Л Jj^ ■ Jit 4 jUtj ^yAjJa jj ЬЬИ - 2.14 jLkJI 


Jja. ■ Jil Ja_u j .ji Jaj* alil / ) 11 . <L4ajC LUS j-ajg. .(1 £LSjj! ^yic. Jja ■ Ш ia_uj 

. Juajjuil Jajjj j j. ,.jt-i'j л ^ jVi«ll JUaJI Cjl jJu MR w U jC af-l ji jjUc _j "-"'jj 



<Цл ju <ji j-a 40 Gbit/in" Jja-U jji jl ^jjjiil ^jj a jjj-fl (!) 3.14 JSjIII 
‘350 nm (J jIjju P w LJjlSil jja ijC .LjjlSil jjj ^Jjjajj ц].л all j .flj^il jja jJuil ^hiull 
AjijS Jjiajj Jj^jjuJI jjijJ » ' ja. ii UUi. » ((_>) . ) ()() ц]ц jjjlou g ljjISJI a jjj jjajCj 

.pljgli (jja jxjlII ^biiill ^jil i aUII jj (JSJil Jja 
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SjtiSll frljyl ijh i_iLJI ^gh Ч-ц1аД dlli jLu CllLjajj jjjajj 

-* 

djliiil! <LaAx*j ^^-ajujJ j ,A J-iiat aa djLij j£jlu ^Ac 4_iic. CjL jLual! ^ ij^j 4 j-ajL! j jfl 
ЛлАалА! Ail!i£j! Л W'Vij .track tiiluiAllj j!j.ji! j-ajL! ^^Ac. jjx-a jlafl c. <a X^— a V Aic. A \*s uijjII 

j.w"ijj .(4.14 j 3.14 jL\^Lj\!) [^jlil! j L_ul£i! ^jj^-aj ciiluiAi! ^Ac. a \> ни>11 djLiiii 

^fl AjjjjJai! bfl! JC. jnilb jj^'ia!! P w L_Jjl£i! jjajxJ (lAJLaaI! LflLi^ j!) tiiluiAi! jia jC. 
<il!i£j 4jka4\! LflL&J! L_JjjJa jj-ala. ^^^g-fl 4_iaJa-uA! jj^J! <i\j£ Ia! .^_iix-alii! ^Ljj! 

.ciliLubai! 


jji u iJ-ii» a CjL/L^-a <joi£L*ilAi! A)ai» a\! dj!i djLiji! jji L^jaA! .Ajjj 

4jj>jia'i» a\! CjVUAil ciiij jjuiVij S j jfl jj-aic. ^Ac. J«!jJ! (_£ jJajj . j!j.A! j-ajL! 

* # 

jjjjj c" iL»"iui! dA .j-ajii! ^Ас. <ij j4a!! djLiLni! Ljli tA^jaJ! c4\j i Д -i j'VL\! 

tliaV <LflLj l_Ji jjjj LaJ lli jj . CjVUa\! tjJJj jkLuiaji a "i ^ a Jaliiii! djlilA a Aj.Vq\! (Jja-ujji! 

ja ^AcA liai» a\! J_ajIL<A! CjI и.гч a jj^j i^-lilc. 4_iaJajuj djlfll!i£j JaxJ! jdaj 

* 

jujjj aJUJ! Ajj\ > j\! <jlx-ai! j-a! jflV! djlfl!jjuj ^ja> ^fl t3-a*Jjjjj !А\ . 4 j«\ a\! dj\ a\! 


^ic- <jj a\! djliLnl! D^ljil (GMR) AiXoxJ! a , u j)ai» a\! Д_а jIL<A! jjxLo jxLujj Sj ji 

. AjjuiilaixAi! j-a! jflV I 





L_ilaa 

'M 








1 1,11 

SjaJ 



1 _ '1 ^ ->■ 


^АдаЛа (40 Gbit/in 2 Aja-LuA! 4jflLi£ j^a\ 4<^Д jji£J! Alii >a Sjj-^ (!) 4.14 J^uA! 

. jaa-aII ^isjIaLj ^xujj (uj) .f! j^AI jja jxaI! ^Aa-uA! l_AL> ja 


dj\j j^a\ \ g 'ija\j> jiAj 4 luajJaix a\! jjjjuj! £>! jj 1 S jj-u C jx-aL! ! Aa jA 2 ^juiL! ^fl 


3 ^a-uifli! ^^fl jjiflLij j . j*i>a\I j ujjlll! j j )> x*i'l\! Ja-uj j I ^LAjLA! L_A-uai! j-a jL! Li! jjuj 
^juiii! !Ад ^fl La! . ^uAijkaix a\! jjaudA! ^fl Vi\\j 4<i\» "ia\! L_lj! J>A! J ^jjj-alA! CjLlij 
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C 1 jLujILa]I ^llc. A_!j^.C ^ /jII (Д)~ч ^nll A^\ jj ^j]l ClA-lWnll ^ x^iVnxi ‘l L_fljjoi3 

clu Ijjl! jaj Ля ks*) ^uuaJajxAl! (Jjauuij]! dllilj^ J» ^jll Cj\jlij]| jj^ljjjuij tAjjj\j]| 

,£JJJl]! (Jjj^U 

ljULiJI оУ^ ls^ l^jUjJajj (jjlui\ 2.14 

Fundamentals of magnetism and their application to storage 

Jj-v , ,,-Л' iauijj Aj/alvll (ju-uVl 1.2.14 
Fundamentals pertaining to media 

.oUjVI j ^i CllLinkJI _)Jj£ СУ* 4 imilaj* Л du]l i all'Vi 

t8 nm <_£ jUiJ 40 Gbit/in _ <j°_jaJI JiliiS CjI j aJLJI ciiLajllall J uUll AjjLJI Jaij 
130 j^j jjiljj I Laj t 250 nm j^J L g-J^jc. ^jLojj t35 nm j^i СлА\ J jL ^jLojj 

_' i-v ■ ii L. , . j ^i ^ ; 7- ■ >*ll Jl 'j jLLL' I Ajjj <jl ^gjl . ^i^VI _l 1 1 — . ' i i I j^iaJj . jjj J£J A jjja. 

Cull (jl (jj^. ^ J . CllJ Cj^ dAm^ll ССх] ^^^^XJJjjll J.liJl £-* L-bullllj (j;iX-Q 

(J£ ^Э djbjUaJI CCC. ^lc. -lal Ч*ч11 i._ 1 ~nj ;^^ic.l AjaJauu CjIsIj^ (jj'qVi] (jjjjda (J^UaII 
L ^ 1~4J |j] .0jauJa]l ^ij OjLulVI Ajjulj] (JjAa ^JjJ-ulA C-LLVI A-iXJ l "— Ч 

Sjlaj AjjuuiajxA]l CjLmaJI CIiLuiIIq (j-ajlaj 4-^.1 jj ^jll Cjb.wMl ^-Э L_iliaJjj . A m*\ 11 
Aijlall AjBjuJI ^juijLaj» aII j (Coercivity) 4n,un]V)» aII Ajj^ill (jAia Л i-JLia.] 

• (Superparamagnetisn) 

Ajj^-i)! (JL^a jjxjj . ^aJjuia-ll 4 jjuiiIai»_A jIj 5 j-uiI j)C. AjxajJajx aII Ajj^i)! jj*j 
1 g 1 » ~Ч j ^aJjudaJI A Lij» a 'aI I jV ^ajbUl ^a.jLa_]l ^ u.n)a aII tjl ~4 а 11 oC-uj j C. Ajjujiaj» aII 

CliVl-NAj (Permalloy) ^ ^JJ aSjuxi IgUAj cb-uniajxA Ajjlal! cIja]I l ^AV'ij .Ijix-a 
Lol . Aju,n)aj» aII A_ajIUI jl j-UI ^^Э oCjCjui Ajj^-UI CIjVL^a (jl (jja. tAi J*-Ca 4 jj^_3 

(jjdSl JajLuij jjA j . Cj^juJI (JjjIMI ^LjjbU A °>jVi (_5^-Э A jun)aj» aII Ajj^-UI 

(jjjoLi. jl £jlj jwVic. ^CoPtCr — !! ^! jj! (j-o La jj (_^A AjllaJ! Ajjlajj]| 

jjxj ^jj^ll j)| jj^. C(jjjlj]! ^ljj^Ul Scljj] jg -э 1 ^j 3 (jjj^lJ! c ja. j Lo! .lUlc. 

<L^.jJ Clili jjl£j ^lc. ^gj j jim aII ijijj]\j A_Ju iC-L/l l_Luijjj .CliljjjaJ! jjj (Ju-aU! 

'ijLa Jc. jLuc-VI (Seedlayer) SjLj л1Аз jljij j ‘•‘LJL' Sjlj- 

. AUaXJLuuUI 


.^^.jjaII) NigjFe^ ujjaJlj U%j]l a£jjui 


n 
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La р jjjr xs-i A_boLi!aix-Q У ll n уч 'u-o 1 'n'Uj 40jauJa]l ^) d^jLujVI Aj-uij Ana.li j-o j 

<j j! jaJl CjIj jlijll jUn 6 1 ja. ! jj» x-o ^ xtnL i» -q!I ^jjol^J! ч ^jj-aj 1_лл1с. . j£-J 

Ajjuulajx-Llj Aijjx-al! cd jALIsi]! dIa i. nVi i~nj !H .AjjIjjoiC. 1 x> CjUUj! (J» Vi jl 

л 

сЛл ^ L»j . j-a jil! Aij j^jl A-ojLt-L! Jjiljl (jj'q Vil iAijlill Ajij-L! 

! J X Aijlil! Aj 3 j-L! A Uji j» -all 

T = T 0 exp (KuV/kT) (1.14) 

iajuj jj-q jA У j i^tiCUI ЯзИэ /j j ^gj-ojl! с1иЙ! jA x 0 c’ ич 

^-jlajjoj V Lj! Л I jljj j .dj! j^J! 4_ajj T j t jU jil jj cjjL jA /: j cUnaJl 

^jh 'ij-Q £J-<2 'ijjaj]! Ajjjjla]! jU tl ja. A_jaijj-Q 'ijlja. CjU.jJ jjc. Cjli!jj-u]| jj*_uin 

Jaj-u j d jlj j 4_inaJ! j-aUaj jja. jlx-oVill j-o Vijli]! Aji j-<J! A-U jjJajx -all 

ijia-ujj] (Jjil CjVU-q J Jla'n U !Uj cJaj-uj]! Ajj^_ 3 j-o jjjj U S jj-u ji]J j^l . jja-un]l 

. j-a jil! Cjljln]! 


LnjlSJb А,д^з 1 Л]| <j juJ$\ 2 . 2.14 

Fundamentals pertaining to the writer 

^jLj^ jujJa'l» a j-o jj3j S-UiC. j-o ^ j U-a-cJl jj -ч xu'JI (_>u!j (_^3 C_JjU]l (jj^JJ 

<C.l_uJl L_Jjlic. (jljjC dUjIj L-iLJl JJDJ jljj j] jJ j .(c_J — 3.14 j^xill) jj» X-O 
(^^Jc-Vl) (JVujVI j^j 1 g v^ 1 jxujlv » a VL-« (ac.1_uJI L_ijlic. jljjj oUjl ^Л» i) 

I J ^ )a» J C-iLJl j£j-o 


Я = ^|1 0 //2/г (2.14) 

^i jUll jlnl! jA /j б(4тг x 1(Г 7 Tm/A) £4ji]l Ajjlij p () j iCjlilll jjc. jA л Una. 
(Ni 81 Fe 19 ) ^aJJ A^J Uu j-Q jji -й jjaj ^Jl IjJajj .U-iLJ! jja3 <- V-o'l jA /?j 4C__iLJl 

// ^ xujiVj-cJl jUUl ^ j-o^s-q (jjUn 5 (_jJUa.V! ^ xujJa'i» х>11 JU-<J1 jli ct__iLJI j£j-o 
!AijU]lj Ullc. H B A_>uj jc. jjxjj »Я jjLJl Ajjunlajx-o j 4 jLnll d jljj (Jj]l 

В = Я + М = |Т Г Я (3.14) 


(jni j-Q ^gjl! cAjjJall A jxxijJa'i» - q! 1 jl j-<Jl J (I r (J jUn . AjUxi'Jl 'jjU]! Anjlij jA (i r Una. 
c" Uxijl (i r А-<пЭ (jl Jaa.V .20 000 j^i ^-unJajxUl jU-xJ] AuJaia-jJl ^niJl jjc. 4^ajJ A^j Uxi 

A,j Uxi'Jl AjjliJl (Jj-aJj ^LbjV! (^]) (jji-Jl Ajxxijla'i » л jj-al c// I A_JLx]l ^a-ii]l jixi .AjjIj 

. jal jll J\ 
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^ul j , iLill ^ i .-j Ju':-» ^ll Jja.a]l j d J ^jJJI лЛ * ■ uL mni 

^j-ajl o^c. fi^.li£]l йЛА .<j]lc йе -li^J c-l ^Al (_jJa^)xJI JaJI ^JC i. . iUqII 

й^|_д]| ^jjgalajjt л 1 ^j 3 JJ*JJ SjAlia jA (MagnetOStrictioil) jijaVllli .AjjLa 

(JjUoj A II ajj . .'I JJ Ijiaia .(Stress) ^Jj'KJI л! ^ 3 .VI i. _ 'i.„i AjAiiaJI Ajjoulajjt j'" 

Ljljljj JJJA .^JJ 4(jJj]! <1 a*Huia]I -Jja]! £_1A^J (Jjlj^J! C.1 aj]! С1з]>1а1л_а 

a1a*J-uia 1I (Jii-a]l AjIaC. j! ciil j C_flLjaJ . j jL<J! ~4J 1 пЧ u.i*l L ^\aII ^Э 

£ * *■ * * 

jl-oVi\I С1зЬ1а1л_а С1з11 4jj. aj 3-> з» a\I cIjaII jj^l 11] .Llajl йС1а]| cJl.cj JJJjjj]! 

jjLi]! ^^Э j!j£l]] Jjli ^-uiJajxA ii]jL_u jLA-Ca] I_g_i3 L_3 jLja 1.1^. <jJaiL_lA]! ^ unli'ia aII 

* S= 

^Э (Ja*Jj_oJ 1 1] j 4 ^ j. jJVia a\I jj_^aLli]l ja IjIaC. A_i]\_L ^ jj A£iluij . L_llaa]! jj! j ^Э j 

.AiLi3j A-ijuiL! ja Д-С. j u*oa]I AjjL^iJ! ja J j j]l (* J-Q> 
j* jj ^glc.! ^ (Saturation magnetization) L*1L1a]! jLi'i» aI I j 

1 jjl . (_£ji]l (J jJj-ua]I ^^Э 1 g Lrfol ^_Э jSa)j ;ос1а]| ^Э jj-m^J j! jSa i 4 u*n]Via aII 

* j (Unpaired) 4-^. j! jlo jjc. ciiljjjj^]! lIiIajjCj ja ^jcj^JI j jLi'ix a!I 4u^\W\»a 

lIjIaJ jCJ JA~4 ^lt/l'l 4 ^XJjulJI Cjc. J . J Jj jj'Vl» A J ^JLa^V I ^ * *п]п*1»а! 1 ^ j»J! ^^Э \,g *1 A 

СЛС- j)A <*J-ui1a]! 4 U jL>1» aII L-jLuI^. j^AJ !L] . A-jj\, VlA Jl^. j! j1a]| JJC. LliljjJjilV! 
^ -Iajxj (^lll) djljil! LiLi£ j-^j ^jc J_^.j! jIa]! jjL cjLij ji^V! djlAjjli 

.(ajjjU! AjjJI j ul\l ^c-Liil! 

Ajjj^ -э 'jcLij cJj^uajI! Jaj_uj] Aj^Ja-ui]! LiLi£]l ocLij ^ i*'i tlLLuj jia^jj L «Л \-iijj 
jjaj (jH jLnl! S-lui CnjlS \ Ag a j^] »(Jji\ (Jj^-uii ljVL^-q ^ l\kij \CAj t Aji jLa'i» a\\ 
AiC-j . L-llaLl (JJjlj (_^Э £JjolJ! 4 jx jlai» a 1 Jj,W a ^ *. jLa'l» a\\ Aj\j£]\ (JL^-a jli 4<_ <>\a\I ^Э 
I ^ i Lli jLi L_Jaa]\ (jj| j jA ^jLj]! j j^J! Ja-uj j ^Э ^ x jJa'l» a\I (JL^a]I ^g. ]a»J c £JjulJ! 

5 ~ 0.44 5, tan _1 ( # / 2J ) (4.14) 

^gj]a3 jjj o J>^\! jlajC. J^ g J 4L_llaa]! (julj -lic* AxJjolIa]! 4 ju.n)ai» a\I B s C \)^ 

jjj jA j . jlai» a\I (Jj^-uiJ! Ja-uj j j L_Jaa]! jj! j jjj Ali-ali]! AiLuiA]! d J 4 L_3ll^]| 

(JjLujI 4<jj\iAll J ,(5j = 2.3 T) AxJjuilA Aj-uJjIajxA ^gJcJ -li-l^Jl (jljj 4 .Jja]! ^ja^ 

(^J »0.6 T Axj-ul!a]\ Ni ]\ 4ju,n)ai »,a (JjLujJj 4 1.8 T AaJjolIa]! Co ]\ AjjoLiIajxA 

(jj\j] ^jj i»i c" i\a»**u J tAij3j]\ Ajjuic.V! С1з!3 jj^jun]! jyjjj j ■* (^gJjV! JL^VI 
<£j±uJ! L-Ja^]! (jjilj] 'jjLo IBM a£ jjJJ! c‘i\a»**uJ tLjljjj-o 'jcc. jj^j .L_iiaa]! 
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JLaxIoiI V .(B s = 1.2 T) ^Sjjja jji Vaj (B s = 1.7 T) Ni 45 Fe55 

**U! ^ # 3 # 

(J!Lgj . ^ILU! ^.uijia ixaSI o jj>.o* 4 i ^Jj AiL-iaj tadui^V! j Ц^Ш] AlLo jULa c <1ж t/i c. _ ium \ 

JStilt Jjjij tAJlc* н**п 4 jxjijJ-a'i» x> ^Jj -LaiaJI (jjj LLxuj j Ла. Ni 45 Fe55 a^juUI 
ClltJ Uja UaUJ LJU. ^^C-LuiaII jaJjjjJ j .L_llaa]t jJj ^Э ^-ujjJajx-olt jk-aViS! j 
ciljLiuJt jiaxj c. U-ajj j . L-jUaSV t jj j j j CllS jlt jj£j (^ ^J jU j (^^ic. 1 ^Juli A,u jjJi i» a 

. ^t ks~i\\ Aj^JLi 4_uaLdS! ^jiSt ^ J-iVn jt j)^AJ Z? v ^JiJJ g.U-aVl. Л1 J 

.Ajui-li^-St L^Jl£-uot jj£j£ L-lUaSVt jj JJJ jj u--ij <^.t jJ <Jj*u-a jj£! Lot 

^Jc. CLUJt AjU£ i.4Suia jiajC- *tj*J] jjajx-Ut ^UauaSt Aic. L_lJaUt (jutj jiajC. 

c^^Jc-t ^lilt 4_ia2aui]l AiU£Jt Cjti dllit jjuJt j)A (Jja. JS . ^uuuiaix-Ul j-ajilt 

dlti 2002 ^alc. Jajuiljt ^ AijjuiUt CjjLdilUt j-adj LajSj .ciiiuiAlt tCA jja jC. j-aSLlll 
.350 nm L-Uailt jjt j dc. tilljuiAlt jja jc. jl£ t40 Gbit/in 2 — ! AjjUubUt ViU^]! 

(■_ l~4j o^.li£j *lj*]l jjajx-Ul ^JauJt ^Jj ^ uij Ja'ix aS! J^Ut (JVj 4_ixJ 4-jt tUli ^Jj L-flUuaJ 

LU Uijj .(40 Gbit/in" — St ^jAU^aj ^ 2 jim j -й (JjLal) ^UjU 4-UaUt jjjIj jjfU jt 

.^Uj^Ut L_Liuj jlSt jj^I! t^_J A_iC.U <iuij jjiaU ^gJ-daUt JUijiUt clVa. 4 ^ at jj L_fljui 


LjLui^aII <^yuJ\ 3.2.14 

Fundamentals pertaining to the sensor 

sU jiit j ул u^i ^a.t j c*‘i ^ a lUIa ^j jVt ^jUiit j й£.1 jiit jjjjjj liUaxjjuj! 
jjjlL ^gJaxj LdLUt ^i 4_iil ji Ujjj cVjjj^A lId (jji jit jll jaj 1 л \\“\ j .Д_Ц£]1 j 


:^'U jli 


E = -d^/dt (5.14) 

jUc jl ^a j .Webers (wb) jjjjIU o jLLo l qIaI' jjLUI ^ unUi» a\! (jiUt Ф ciua. 
j-aaLii jt ^j t jJaj£ . 4 Kuia Аиа-л]! &£.! j£]l jj jjj ^J^Vi ^Ju-at cA_iaJa-ui]t CliliU^]! 
d jSJt (^j-Sc ^Uj^LS d jj-^ jSt AijjJaSt dljl£ ij-ajVSt <C. jjui .llt jj j)A ^ juit jl£ LliUjSt jLxj! 
(jji 1 1> ja» 1 Lut а\! j>ij.^'i ЦЦ, jt tL^jli] CCC. 6 jU j ^A L <Sa 4 ^^Э A_uUj^£]t a£j*4aS! 

Jjjj t_A UAj i C' 1*4 St Ца!_ХА j>AJ L 'qSaSI UqjIIa jjA .lijj LjjtilSt CCC- ftjUj j^] . (jjaxj 

> # 

Да jUa U jaJ А* 1 "ч aSI ClAui^. aSI jjC. (jjaJxllujt til .<jUi]t ^Uj! ^gi l^jtU UjLui 

. 4 j j^St C-Ujt ^Э l^jUI jjulVlS lUIaII ^jAx-aj AUaU C.** iNAtil Au J1 3-4*1» A 
# > # 
t j‘iA jSjLa ^Э t j_li_l A luiliajx aSI UqjUa]! oCLq (jAii 6^uiV! 4, iSc. JjL 1 1 LU Uijj 

4 juijU'i» aSI Да jUa]! j^jjj (_g^ UAxiiuit j . t gjSc. (j_iUj ^ uijU'i» a (Jt - ^ aS <jt Vuxit ajc. jj]| 
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Anisotropic magnetoresistance LjU , ‘nU >llt 4 n jAi»U t Я-о jlLJb c_a jx j VjxL JjVI 
cjLijjjfUbU ^^UU-e^U! jjxjUI jc. Aj^Lilc^UI a u j)"a i» Ut LqjLLUI J j*L |\Уп .AMR 
Д_л jLLUI ^Э Jj*j ^Э Jjxi-UI ciili ^'Vnj . A_ixjjjiajx-UI AjlLajjVI jj«aLjxl] d (jjLiUajll ^Э 
. ji-Jjil jLj> ftUjl J ^LuixJI 4_nnjj-ii» ^ jjj AjjI jil ^lc. C-ojxJ 

(Jjj-ulA ££ jl_k J A j» ^ Cj^La-A Jjjuuuit -LjoJJ ^Э 4 Jx jA j» Х>11 Clj| JJXJ C.” 1 Vl J 

^LLc. j.ni-1 j » a cjVl^ui cJJ: jjjj cLjjjLUi ciuii jj^ jj jii jaj Lqajc-j .lajuj jii 

diL-ajl . ji>U! ^э jUll jLnil jjjLjL l LLV U jLLUI ^э jj*j tjii j j-a Тпэ ju>Ut 
j-o A-iUjj-eV Ay riji-ij» x) Д_л jLLa Cu!>LqL*_aj CjLuj^-UI ^Э Uar‘j*Ail ^ jj aLiiuj AjjoiC.1 

Д_л jLLa Cjl-ULx-Qj c LAjj A, lui.lJ-ajx.al! j! j-U! (J -AR/^min -2% Ljjj 

j д > a ojU jj£ji 4 _aj^L* jjc. cjjU cL (>AR/R m i n ~ 6% cJxAi Aj^.Li1aV 4_n j3->j» a 
jl J! Ijlaj3 .Lg_j3 JUUI ^jjjIjI! ^.^.LijbU! j!/j jjjjol! ^ ^nAi» Ut 1д j^--iVi a > jj 
cjVU-Al! jli cfijjj^ aujjjjLjLo Ljj^3 с!л$\,ул) l LAj'j jj^i! ^LuiH! cjli с! j-U! 
<JjoiC.V! A julj)-lj» A JJjLl Aj^lL jj£j V (5 mT (_£jLuU (J)*4Ajjll -Uujj j-Q A Ln 'Ut 

.AjILUI aj^Lil^U! ajujjLjLUI UjLLUI cj|j 

(Jaxjj .1988 Uc- GMR Lii)LAxil a iai ilaix Ut LajLLUI (JjxL ~< Luj^! j 

4_ia.LiiU)Ut UjLLUI cjLui^-A (J-oU AjLL jL ^^.ic. LIl-LaxJ! a ,_u j)-aj» л\\ UjLLUI cjl_uia-Q 

Ljj^ 3 Cjlc j X) <aUa AjjuUajx-A oUj! jjjj juajLI j-o A q'j \ jUt Cj^La-U! j! c.” п*ч jpa 

V] . (jj^_U! ^_^э jjij .ji-U Sjjuj (JjjLL <_ 'a LlV Д_л jLLU! ^э jj*j Uij jc. ^Упэ c4_ajx_jJa 
LjlLU! J jxL Ju-al jc. LU£ <. U'Va Ai^LoU! Д_л jlLU! JjxLU ^jLjjii! Ju-aVI jl 
.ojaUU! оСД JbLxlluiV I jj'L'i jj£I fijj*JA 4jjuulajx_A CjlLiLa L_lilaJJj c4_iU_liU>U! 
Lb^LaU! AjjuiUajxU! Uq jILU! cj^>Lo 1 _»_аэ . L^_ajLaU j^-U! JU cjlcjLtU! Uij j VnCij 
cjli! jjui ^^э ^ jJI Ll^xluiU! cjLja-UI jli I U j iAR/R mm ~ 15% i! <«-jjLaj 

.AibLaU! AjujillajxU! UqjLLU! JjxLq (_£-ic. j-ClxJ <Uu-U! juat jSV! 
C—ljuiLijj .Li^LoC. AjjuUajxui Д_л jLLq jl и * >л \ VaL jJa-Q ojjuua 4.14 jLul! j)JJJ 
^ jjjjjjj^il jjJJjjUaixU! jjjiJUI j)JJ Ajj! Jl! ^Д 0 Cjja. 6COS(0) £A (Jji*4j'I Я -qjLLq 
l_jj£jj1! jlUxjj .30 A jc- J2 j LSLuuij ;NiFe j! CoFe j-o ajLc. jLij^jj jjjil! (jj>Ul 
A_luUajx-U! Д_л jLLU! ^аЭ JLa -л j ^-uUaixUI ju-saVU! j Л -IujLulU! ^_ld jja iJU' ^lxU! 
(J jLuj 1 g j^Lo-ui juLaj A q ili jjjj jj jU! jjjjUUt jjj JuuaSjj . ju^U' Д_а j-Ut Ls^LaxJ! 
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djlj l!iLjjj£]^L] jA Aa^UxJ! <LjLiL]l (JjxLq ^tlilij .40 A j^i 

ajjLlU iija. I jl_ik (jiiL-j]! JJJXJJ . jj^u \я j]j jjj^jiali iJC. Ajj! jIaII CjUjjij]i 

Д -LjJa CjliLou jjjjjjjJa \я j'i jjjillaii je (JljjjVi ^jIaJjaJ LiLjjJ^V! (jV 1 A L*-ili]j 

.* 

t J*i> -a'i jVjla (Ji^! с> * 9 * 6 J «AjjijAjC. 1 g jJjLj djl&Laii ^iiuai ji jji (j-Q (juLaiii (ja.!i 
iiA (jLajjj .(j-ajl]i (j-o A <\ } \Л lIjL /1 -ч aIL jjIjj V 1 gju jLi j » j oLaii ji ^ j»,j !Lj 

Aj.li.laJi 4 j,,n)Via a'I Alilaj AjAilaJi AjjajJajxxJi AiUali jjj ^JjLjJi jjilij dlJJjli 

(jji.Vi AjiJia-II A Ja jLi» j'i AiiLUi Loi .PtMn 'i ji IrMn IU (jll! SiLdaAii 

.* 

SlIc. jja^Ji Ciliila A ^ Ajmj .j-ajUi (j^ Aqjru'i CiVl a\\ аЛ Vu<.ii jijj*Ui aj^. 

.Slui^L/i (j-« 1 g jjVJ Ta AiiLaJ 


A^jJsaJi ^ A ; u jLaj» д\\ oLaji (.** n Гп i~ 4 j 4 ^-ilui jai (^Ic. (j,r 4 a'I (Jjxij Ajxjj 

(JjllA (CoPtCr C (JLiUi (JjfuJ LS^") AjjaLlLajx-Q AllLa £_dajJ di]i jlaJJj .Sja-I! 

4_a.jj L/La -л A_JL*Ji Ajj^jd! Ciii dl]j jijjjujVi JajLi-j l] jJj .(4.14 (jSxi'l^ (jua -л]! L_sija. 
u' Jj 'u^j . (_^_a. jL-II (JLa-<Ji U Ixii Я]1_а. 4'nuli A 4 iJ-iji ^Jc. Li jaC. oja-II A qjLali 
A Aq'i (jj А1Ш lic. (jj.i-4, j'i AjLajjuji (jj^j L_fljjai 6COS(0) £-л L-Lujljjj (jja-xJi A-qjLLq 


.Ljjaj AjLi -ч 0 = 90° jLiaiVI 


^Jc-VI (__g-3 Ajjla Ajjujjlaixj aiLo jj (jjjlila jjj jjoiaJ t jj.i-4 j'I AjLjj-ujI (jjxjailj 

(jliU j .(Sendust) 'djjojlijjaj jl ^jj aSjuj.) j-o iiLc. iiLJI dllj L_a]Lj j i(JiuiVI j 
(Stray iijLud]! ciiVl -4 j'I jc. (jn-vj'l jVj*j tjjjLaua-IL (jlia j j*-L! cjlijjla]! (jLiiLa]! 


(jjjLauaJI jc. (jja-j]! juaSJj .ojjLa -л (JjL A-iujjJajx-o djijjij jA 4uaiLI! fields) 

% 

(jjjl > ^ II jjj AiLuixd! l_s jxj j .iiLc. Ln^ jlVI (j-o (jjjLa j jjj] jLc. jjj j-^qj (jjujA'i» xj'I 

S .* 

i.W,n djLj]l u*",,ia jjajC. (j! j£il . AjlaV'l AiLiuiV! ii^i (jb j co^iji]! oja-lj 

jjajC. (jxa %70 oiLc. MR W (jAta-All dliuiAl! jjajC. J jLujJj . L—lLU! (JjjIj jjajxJ 

jAia-A]! jjL jjfL L_S juj tL_jji-^]i (j -й jj-da! j, 1-^11 jjfL Uiic. j .L-lIaUI (jjlj 
djii djl Упа' 1 (jaaJ Uj 3 j .(Ja! j-ajU! ^gic. ojjU-a]I d]]LuiA]! ja oijLui]! LiVI, jaIL 

.MR W = 250 nm jjfL ji L_ia_j c40 Gbit/in 2 UaJauill AiL&l! 


j$i Ajj£jj Li .(»JJ A^JJui (Ja bLiJ jjfU (jLLlL jlljjai 1936 (ji j£<Jj! (J-Uajiua (jja-uuc ^ ^ 

. %6 j t(jj5jU %9 j ^iji^ %85 
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{njvVnij ^ijWalll diUlij 3.14 
Fabrication technologies and scaling 


^j^uIajLUI J jvVill jja ujjli 1 . 3.14 
Moore's law for magnetic recording 


jLijV (_£jjjull (J-bt-LL ^ tajJ-i I» л\\ (Jjauui]l Д-С.1 ^Э ^-}L]| (JjjIL 

% 1 00 j %60 (jJJ 1-л L]La. JjI jjll IIa (_£jLoJj .4 iL^ll j-alji^! CjIbIj-uj ^ A-iaJajull 

иЛл! (Jjiui]l jljJjVLj 4 -IaL^ja]! CjIJJ Д-С.1 'ц/ 1 ^Э ^.iL]! (JjjIL cAjjI^aII jiajxjj .Ijjiuj 

Ljjiuj % 1 00 j %60 jjj 1-л i-pjV! 11 a (JjLujjj . 4-Lq1^"ix>11 ojU! ^^э ciiljjiiujjjljj]! 
(jjjlaj Lqj-qC. t flj*Jj tj-ojl! ^JjujAjA 4_LuiLuj jl 4jlj ^Ш! ^a^iill 11a < L*aj.1 .Luiajl 

.Moor law jj^ 


Ajjj LijJ CjLjIIq CjLAlaJ-Q ^l й JjuiLj-q JJ-a (jjjL jjLAIaJ-Q ^u^JJJ 

(j-a jiill ^Jajoi ^Э 4-iaJajui]! AiL£ll -Liixi t ^ unLi'ix х>11 jj> xiill CjLajjJaj ^Э j . j jJ-uj jjl j!i]l 

UHuiaII (jiajxJ Ss-ljLI SjaJ <KLuui U-JjjJa jjuala. (JjLui ^^^j]! ‘-"\ill ^jlk L^Luia ^^lc. 

^Э SiLj (^lc- А-1аЭ1 ^k^ill Lijj-uj %30 — 20 j^ j iLuVl oIa j-a iajj j! u_ia-jj - ^ - jL*j» ^ll 
J^C. JLqjjlj 4<LqI£ja11 CjIjU Дх -Liua (_5-3j .IjjjjuJ %100 — 60 U jLujj Aj^Jajull 4iL^]| 


cjLaLLJ! ^glc. j jjiujjjl jjI! Ajli j Sjljl ~v (^lc. ojlill ^э ci! j jiuj jjl jjll 
<ilj£ ilj J jl (JaI j*1! ь 1a j)A (J£ ^vg uil i 1,.i*4,.ijLjj . j jiuj jjl jj]I Ajli CiLj j£a! LjLI 
j jiuj jjl Jj]| Ajii. CiLj j^a! Lijiil CiLuiLLJI (j-aLjj (jl L_la. J tilli] 4 >/i j j • Li! J jiuj jjl Jj]| 
ciljjlujjjljj ллс. %100 — 60 (j jLujj iLpj! (jjiail laL Ljiuj %15 — 10 jlj Lj 

lc jU/n^ll (Jja-ujj]| (jj j j j ^Э Lji]l CiLulLJl jJ*j l — 5.14 (J^juI! j)JJJ .Ljiuj a jl -l]| 
.2000 ^Lc. i."iq.iu.) ^! <iuj (jjjjLll (_L>Li. LLI£ja] 1 cil jUI j ALij a^uiL! jA 
<LqK'L 11 cilJLlj (J.i-4 injll (jj jjj aLuc.1 ^э LjJl ciLuilLJ! l_ijLLj (J^iiill !1л jjj 

(jjKx, jV ojjuiLa 4 -4.1*11 oibj t(jjjjuix]lj (J^LaJI (jji]l (j-® (Jj*JI .VL И L L-oj jx> ^^Э 
(J^jull <jjL LJ lii j . (jjjjLLH j a (J£ ^ Ljill ciLujLLJl c" il J)ajx) ^^lc. "jja jjjL " 

^Lc. ^Jlja. ^uijla j» a \\ (Jjauuill CiLajJVi^ ^^Э AjaJa-ull AiL£ll -lilj] ^jLui il — 5.14 

ЯэЛ-алЛ 4 ..ujlaj» xill Яа jLLLI (ji (^ла-лЛ ^ljiil jja. %100 %60 (j-Q 1998 

jLu-aL jj£I Sjlaj £-л jLujLa]! j.iat,jll 11 а L_J “5.14 (J^juJ! jK».1j .<Jjjjl_uiaJ! ^JLtll 
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ijh diLuilla]l (jjj 1 . ' j ' j Ajjoic-VI (jj jjj Lijll diLuitLttll i - Л ill*. ^]j 

■ " 'I ■ ul ji i ■ jljajj i j i jjJajjt л11 j j . ,"\\ (jl >|-ч V . j 1 -ч , .■ L1 (jjj j j j j 4i«l£ltt!l jjl jl j]l 

• ^jiLaJI jj^]l jji J jVI -ДЛ >- L-ajjj 50 nm j^i (jjLuij LuJ 



Ajuiii 


■ iLisiJiciijbSi^giijjUi. 

Ф aLK 1 » 1 | «-Hil jbll ilJJi» 

A a.l£Ul oljlil cju\ J cJuAk* 

4 da^ | o«.Ooo i L><^‘«lij 
▼ P2w (jujil (jo 4i2Lll jlLu (Jlj» 
• MRw b\ji\ о«Ь o^j 6 


40 «0 160 320 640 1280(100%.>*Ъ (CWMn 1 ) З^У12£ 



jjij Jja i ullt (j-ujjjj AlttlSlttJt ttliljtj]) (jh Ljjit cjLuiLLttjt cjtjjju CiLIjj (t) 5.14 jLudl 

(_ji Ajadauiit AiliLit %60 L jtjLs a jLj (jjat jjiL 2000 jttlc- jj If Jj) 4j9j3 j]1 AjLc-VI 
. (ujljiui 6 j£ 4 Llsittlt ujljt j]| Lujil ujLuitlttli %50 jl iittJ (jjaliaJt j Jja « jjlt (JjJJJ 
(jjjVI (jjLLttil Aiitjjdl 4 j-uL. ,.n AiLilt . jjiit Ija (jj> JjVI -lixil w »i cjlxijj (i_ij 

. (jiLjit jxuijit (jj£ 4 jjj - 
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Media scaling issues 


UjiJI ^\\i LLiafl 2 . 3.14 


(jjlj]l jjJ ^цМаИ j (J-ia_ujj]l (jujjjj jj^Jl JajLaJj UjVI '4 < q ^»Ujl]l jl 

Ь1_ЦаЭ jiiUi L-Ajjoj ^^-ujjJaiitudl jjjkldl Ailj^ jIjaJjuiV (JjjjjJa (j-ajS]l j 

jl j>ja“i4lj £ j a.J-i\ 1 ^jLlj L_fl jjujS IjA U1 i Jxj LajS Ju^qML j jaJl JajLuj j 
jj£1 A_iaJaju) j jk CllliL&l A-aj^jLoII а\1 JajLuj jll jj jiaj 4j^,1 jj >i]l UjIj j*u-all 

.100 Gbit/m 2 (> 


(JjUall JLk^VL jjkll JajLuij Jla -А AjaAI S jUtf! JjI j\+M\ J^i > 

‘Antiferromagnetically 4 s^LiaJI AjAi^JI AjnnlVwJL jjall dil L JajLoijll ^jjjJI 

# > 

jjjqiLa LuijlVi» A 4 laLill ^UalcJl UlL.^ cJajLojjll аЛА > .COUpled) AFC 

CjLjjjjill (Jjjj cUlij Ru \1 A^Lgjoj .lic. .Ru S1 > 6 A j jill.ll.la. jilijuuiajx-Q 

jjjj.li.laJl jju jA'ia а\ 1 jjj^jiall ^ijj l.la. Я -ijS AJjL> UjIjjjIj ^Jl Ru 11 > (Jjj-ajjll 

jj£j li] . jLufia-oll (J.j ),wll ^ j. j A ‘|». а 11 jjSll ^Jj (J 1 С(__)а£1л11а] 1 (jjljUo]l < fllila-uaL/1 (^Jl 


Ijbj . 4jl»qll 4 q j J-i 11 A£Lajuj j) c. Л Iq'utiA 

jl jSjjolVl jjuLa-1 l^Aj c jj£1 ^ j>^ 


j o jjiu-a j jaJl Jajujj] <]Lti]l 4 ,Jj> AijJ -аУж а11 a£LxluJ1 
UjI i (jkjl CliLLa. jA L_a]Lii jl CjiLjj]] ^c-A-uLi 




C1iIaJj>*)- 4 j-Q >iL jl 4 J* jJVi» aII jjk]l JajLujj (jj^.1 CliLli-ui^jj] j£-ajj 

Cllli Clll ni^ <*jLuJ 1 iji jillj JajLuj jll 2_jjua (jjl jla ^ A*'i .^4_ljiL 4ju)j3aj» a 
jjjJa ^jy*\ £^jjJ Cllli 4_i.li.la. 4juij)ai* a Я -ijjlj Clll aJxl~n (jjiLali j^Audl (>j . 4 ql'A a 
^jjj]l (jjjUallij . j-a jS]l 4j^iil у\л ^CllLiiJa jl^ Allia J^jui ^^Jc. L&j^yLlaj l.la. 

jj£j 4-ll.lJ ^ jL UjIa иа*чИ j l» t.si ^Ja«u)j ^Jj (J Jj«a j]l j^A ) i ^ а~ч ^s. 11 


. JjLili]! Aiii ja]1 4 Ua )3ai» aII 

AliLill Aliij-a]! 4 t Uxi)]ai» aII jj^j j^.jj jl j^A I (ji]l 4 j 3^U1 jjl jJail (J.laJj 

1 juijAj» a £.\_uiC. Ja-u)j]l jjfL jl jC- Lua j»3 .4_iJ jUa]l Liil JC. jjU]Ll jjaJl 3au)j Jj^julI 

% * 

4и j)ai» a olLo (> Я]^л_1а jja. 4_iJ jfc^ill Liil jC. jJj]]l CliLiiii (Ja*Jjuli б! jaJjula 

<iLi£il olLij j^Ajll (> jl jLjj t iL-fia-o ^^_uLiJaj»_A jji Lllli aIja (JLa»HujIjj . А-|Л i,W 
UjjII <aJalA jl jjal jisljj .200 Gbit/in 2 (> jj£ 1 (^l SiIj»-a] 1 4_mjaJl JajLujjl] AjaJa-uJl 
j»-ual jjfL U-Sjju) 200 Gbit/in 2 AjaJauJl AiLi£jl Aic. Cllj]l 4 \\~\ ^xJ-ua (JjJa jli 4 <jujj 
> i*j Jnj^i ja JX .^|I A»J5 sAA j iljjjij 60 nm <jj> 

JajLj_jl AajjjJall IJI jC. jiilillj Ajjij (_gl (jl .jajlfill aixll AjjjjJall Liil ^Ё- jlilll 
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.LpL-aja! 4_зл> a jj£j C5^ juaj^ (J^i -i^lj jVj^ J^ l) -0 jj^I ^ qK'i V! ^ . i>j jjail 
£_ja>j LaJJ jl AiljJjoiV! "Llllc. Jai_Uallj LiljC-jjjl AjIsj jJjiaJJ L-l> ^LajAV! > 1>J !il 

.Ljla9 jlaLjA ^jili 

iiijliil Aj3 j-aII A u^nii i» х>11 j j^J f. Lj jj^L j^AJ 6 j jail Ja-uj j (J^jui jl^ La£a j 

o Jj.Wx> Jajoj jl! Ajj^_ 9 jj£j tftilc. j .Jajojjl! 4 jj^_ 9 Silj jj J_J!_*J! AjaJajuil Ailj£il Lic. 
JojLuj j ^^ic. c t n^j jL (Jj^uuijl! ujj! jl ^ajuij ^-il! cil, n^iVJI jli lilj cAjIc. <j!j£11 AjjLIL 
Я1^!_*_а11 La9jj . ^_uiiialaL-al! jjail ScliS ojLjl ^JjujLuj! jj£j c__Sjuj A_Jlc. Ajj^_9 UjIJ 
L__iiaall (_>Jj jJJ <L-alil! a j>qll j-^Liij Ял -jJa! jl! ClAjjjuiaiill -1^.! iJj-qjj c4.14 

fiJjol L_k*_Ual! jIlLoJ jju) Vl jjVl !,J.>>jl j^AJj .OJ-QJJUIA Cllj2»_J (JL>A liAj tL_JjlLl!j 
LUllll! jjj!j .i>jj C(J.}ja*_1! (Jj^-ujjI! .^JjaxI! (Jj-4u.nl! (JLa*jjuAj aj!j£1! (JL>a 

^xVj ! il . j-a jil! lc. Aj\~\\ Aj jia Ц juijiii» a Alja jg_9 ^jLll L_llaal! Lol . L^l j li>9 
j-o ! jjj£ Uuj! (JUuol! jjfL П4 AjLi£l! o j>9 j-ojJa SjjujLia ^ uijlVi* aII (Jj- 4 unll Jauij 
clu! L9j .4.14 AJjI*_a 1! ^gJax-ol! ^jlall (Jj4 u.nll ^^9 (J-o*Jjuia 1! jjjJa^ll jjj (JI>a1I 

V Lj (Jj4 unll Ja-uj j ^ic. J-ijAC. jVl jA <jLill JUua jl A j-o LiA jJjaxII <iua 

j! (J^.!j ^lj jj£L t iij«u: UjIjjI! a uj ila j»,A oL^jI j! ^ j» i li&j tL jj£L j! u -0 

Ajj^_9 Uj!L JajLuij ^ic. AjLill (Jguujj jl j^AJ jjal 4 j'iVi UILa j . j-ajil! JjJjula ^ jL^, 

jlc. Ajj^il j^Aj .(Thermally-assisted recording) S jt jai! Slc-Luiaj J j>unl l ^ iJLc. 

jjiuuull ClLll! jiaxj £jJa J^J . 1 g П4 ui'i jja. ! jjj£ j^q~4 Vi j! 4-iujjjajx aII j jaI! j)A 
VuJajj c-lL! Llij-o iajui jl! Ajj^_ 9 jiajiaj jLA-all j a ci__jjIL1I JaIjI! jAjJa 4 jl*\ aII 
ALjLl tAjlu-aL/l ftjljai! iu>jJ ^ij ij-lxj iajui jl! ajlja. i_>jJ Jj*jj tojJj-aal! LL^ll 

.6 jSJjula <iU AJjjLaI! UjLjjI! 


Writer scaling issues 


иШ 


л AA 1 

ргт 


2 bLbS 3 . 3.14 


jLiA Lg_iAj cl_jj\L1! ^j> Vi (Ja*'iu)"iu) ^jill UjljjVill jA Aj^*i! ^ij Liijlaj ^il 

jji9Lij L_fl j-uj 3-a V a 11 !1д j .aj! jai! SJC-LulaJ (Jj> ui'lll j (^ici 5 V Cllli ^ lii9 jujjj 

Jj 2 |Ш1 (Jjiall (ji L-liaill (Jjl j ^j> Vi ^ i-JJjjJal! Lii! jC. jjJl! 4->l jJ ^^lill UjLj*_l^ 11 
A^JJjui ^Lj^Sll c- i^UalL L—Jaall jj! j £_ii-aJ c lijLui j£i LaI 1^9 j . ! jj!i£ jsl jLu! 

^jLj$£1! l_jju-u jiil! jjj*j .(Resist stencil) ^ ^Laa ^jj jjc. AjILc. B s <— il L Vjunlaj» a 


Алал ja jiljS ^jIaaII <iua Lcl .LgjbUa (_JjC.ja 1! (Jl5uubU Lij 4 j£ja <ала--й э jA liA ^jjjjjII 


n 


.^jiLftii jjc. jlaljAl! JJC. cbUall £Oiiajj 
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4_i3 ja. ^LajAjl] jjIa jjLu a (J-ftC- ^j ajLujVI j.l^Jj cAjILj LajI -3 La A^jjia]! al^j 
(Ja*JI jb (JaLjj c^^^jLj^^]! l_jjjoijj]Ij ЛэЛ-аС- AjjjUajx-a Д -ajLLa Cjlj AjjjLj L*]jLui! 

.LL^.V a-LisLIa]! О^^У! CjLjLj j-a* j (j-o .^j'uj jl j£-oj (Jl^-LI !Ьд 



<^i!j]| ^-ujjj]| jjjSj jja .^^Ika LjJaS (Jj| j] ^jjjiW! £-иУ! j 4^-« S Jj^a 6.14 J^uJ! 
.100 kev L$j jjS Aojjjji]) 5-«ja. Lku ! jj 200 nm 4Ua jc-j 2 цш Ac-lii J jjLaj ji]| 

. f ! j^ll (jk j*-a]| ^Ja-ui]! JL^all d Alc j jSj j i]| (jlLU! jjUa jj] Jai ^ujj J3j 


4 jaV‘i (jj'qV^ AjaAVI J>a A_i]lc- 4 _^jJ ^Ic ojLJ! AiLla jLiii! j na,jj 

Я] 1 д jj^j ^ul J)L 1 aa (jLu<a_l]Li ^il jl! ^a-ul jj]! t L-o“n (j! L_J^Jj С^ 1 У! C-Lu! ^Э £- Laixl] 

t 4 _ 9 JjJa lJ -аЭ (JjJJJJ ^AJa jf^J * -^Ч <*_jL<ia]I ojLJI AJIjj J)C. Vi " <ijLLa]! c“ 1 Vi 
L__i]aU! (jjlj (J^joi (Jj^- J^^ c-jUa jLLal ^LuiiL !jj!i£ c-^LLa]! jLjJ (jiijlVJI La u>» jjui^JJ 


jLj cl! Aui Aic. (jkilid]! Aj jjL (Jl£_uj! ^jJa jj^j c (JjjU! ! Lb j-o jLLaj j j^ (j* • jji -иУ ! 

l^j]j aLiliV! c. ^ 1 ~nj ^1\ jja^! (j-°J • (jUUjll j C__1 Luj jj]I CjV-1*-a Li u>» 1» x-oj tAj]lc. 

a l'j^ll Jliii! cjLjj.WA j! ojjj£]! AjcL]! ^ Uiiill dilj S jj» x-a!l (Jl^joiV! ^^^ААа L-jaj! 

^Lj^ll! ^Lall £.Lj! ojLL! u_li£jj Jaj^L ^j^j ^j u' u^ 


.(Electroplating) 
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jjj£j L_LaJ 4JC.L 4_n*j (Jj jlj ^jujjjj ^jLj^II ^UalL p jjll (Jj 3 cLstjia 

c jj^. dOO kev jLuii Lgjjja AjjjjjfUj Ual jojjjIII (Jl,Aa"u2j .Aiili ^иш j jll 

jjj£j jl .(6.14 J^Uil) 200 nm (j jLn <ubjc. j 2 |im (_£ jLn <1 jla cWUa JA2J 
Llil JO jilJllj (Jj ^Utl^i A^JAjuJ <3tjL<LA oJLq OJJJ^ 4jC.L UaiII Jjjall liA (JA tiilLui-O 

> д 

(JUujV I (Jijj ^ j-o j t JUdV I L^_iS jiaj 'LlSl j AAlia (JLd*Jjjjl j£-aJ (j^l • AJJ jj-jall 

C. тка (JJjlj (^giL Ljajl j£-aJj . (^ic-liill ^jjjVl jiUU A nV) j-g2jJ AiUa ^ij jJjj-alilL 

<ijjia]| йЛА L qqVl .^Lj^lll L_JJjoijj]| jxJ j-a^lL <3JJjJaj JjaJ ^J ( jiajC.1 cWLja (ji 
(jjlj c^ пЛиП CllLjxj-a jjgJa ^l (_£jjj 1 g '\\\ t^iiallj i_iJ jdall Lsl jC.jJjlll jjJj j-o 

jiail Д -LLa c" u jl c_jliaaVI (jj j jj ^a ^iAXjjuiAil AjIIxII 5 v II dili tiljLjuili .L_iiaa]l 

пл2п\ ^gjLjjill Lijjll ^l jjl jjaxj (j jjjj (JLaxIIujI (j£-aj V lilj t^^ic-liill ^jjjVI 
(jjlill ^ uniaj» х>\1 (Jj^ujjjII CliLjal jxLujI AxjLoil jjl jLll (J j^j j • L_jUaaV I (ju j j J 
•(Focused ion beam) FIB ojL* Ajj jjI Д_а j^ i-kjoil jj L_jiail! (jJ j ^jjaUj ^ ^iL&ll 
Aja-LjV! (jl Vj cFIB 11 ^iajujl jJ 1 j^. Aij£J L_jUaal ju jjj jJj^i (j£-<n 4il ^LL^-iua 

^xa <jl tiili ^ij L_flluJaJ ^xJlu^aliil <jjjLo jJC. 1 g \я Vi iLjial! ai^i 4uJaia_lAl! 

j-ajL-a^il ^Э (juaLail jjjJall j£-<n CL_liaall julj c4\j.ja jjajC. ^j^Vi jIjaLuj! 

(Ion (_gj jjV! ( jjjiiil!) jiaU! ^LjI Ga + diL jj! ^ jj Лу\\ \ L_iiaall (ju! jl Au jkj» а\1 

.<1£_La ^j Jj^Lj jl milling) 

f > 

U j-Ul Jj£jjjli iijjk оЛа Л1а jjC-jVI lIjL jjL ^jjjVI jiail (UaxJjujIj 
La li^j cl kV (jc. SjIc. (Jij jiai! ^a Я1 ах11х*1а11 ^jLj^£II ^xjjjuiil .л y jk j» а\1 

LnjLa. L_liaU! (Jj! j ji^. (j^A-Ul jA c<AjjLA Ajj! jj jiiiL «^jjll *L j» x-o ja (JlL 
(JjjI J g'liijjl ^a Ja j*\\a J-sa^j ^ij LaJ^. (jjjj Lili j£i i^ijaluoil ji^il ja jj£ 1 Ac. JjuJ 
L_liaUI (Jjj! j Aja£ (j j^ ^j 1 jiaj j tlil . j/2 1 ji^iL ^ nVji AjIaC. (J 1 (J jLk L_jlaal! 

Ajjjj li ^ \3-a а\ 1 L_liaUl (_juj! j (jjfLi (jl C t 1 ~nj to Jj.W a ^j jjV! ji^iL 1 g пЛхи '1 j^AJ (jUl 

.AjliUl jA AjIIc. ajc.L 


L_jjlHI cW\uia jjajxl AjjjjJall LaljC.jjUlL «п-ч *v'il s.Lc.1 jA L qjVil (j£-aJ 
(Jj^uuiil (_jujI j ^ (jsUI Jlinl Aijjia L_fljLlkl ^ij Ijlala .(Jjj-axll (Jj^uujjI! ^ij vkjilL 
(jjjjjj ^ LIU. <-ojjUI AjILxS! ajcLI! l_jjui 111 jli c j^.ljll L_iiaUI (_>«lj (_£i (jjj-mil 


лУп*ч ^jLj^H! l_jjjuj jjI! (jc. ^LxIujVI j^AJ (^al jll (^j • ‘Ljjjda ‘-“ь j\ AjljJall AjL^II 
. ^ij Laj3 c_iji-aj-<il (jti^ а\1 ^xii-a (J-oxJjuia!! iaia ^ijjVl jiUL <JC. <daLxluiV 1 J 
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Sensor scaling issues jyi>Vi bUiafl 4 . 3.14 

jiixJj . 4 _a]ja-A j-o j)A й JAxILq CljliiLa jA j;.i> a!I jl \jj£i jj! ( 3 fuj 

*1jV Wtf! (j-o <L>jJ СЗ^ Ц UJ ^ jj'l ^-lajoiVV! оЛ j> j djlliLal! CIiI^Lajuj (jjdil>j 
^-uj jj jjc. cijLiiIa]! ijjjiij j'UiA jjajc. (jjj^ -л ^ 'it/i Ul jU. !i! . j^>^1! 

jjo jj^jjuj djLiila]! йЛЛлИл]! Auuj^£L! ол j> (jla 64 лС1_аа]| ojLa]! aJ! j! ^Ci (j-oj c^jLaa 

oj^*11a]! (Jj*4a1! <juj^] L^_i 3 ^Vul! 4_iAii]Lj jh^jjI! j)jj£j ^! jjj! i~nj !i] .АаЗДа 

.* 

jja jc. cjcaiil (Subtractive processing) S-iLaI! a !\ jL Д >] \ »а jj>j 3j.1xjj tdjlifLal! 

.Лиьа]! 

jq^" 4ajL>Ia С u j] (Jm>a]! Яии^л£ SJj>ja]I j! ja]! ^U.a j! ^Jj 1 jLai j 

SjLaI] j> jj .iii]j 6 jIa]! a !\ j \ S jU*n ^jjjV! ji^Jl (JLajCIuj! ^ i~4j t^lc-lij]! ^jjV! 

jill ^Ljil! » jl'ijL^j jja]I u"Uia jja jC. jj.l^j й jLa 4 ^Э Д 1 ал 11 |ц 1 а]! <лС 1 -аа ]1 

SjIa L-JJjuJJj] (__1 a^Jju1a]| ^ jj" lL^U]] ^juJ J j]! C^jjJ^I ji^"! (J*i>a!! ^а» 

(j! ^! !jlajj . jiaJ! ^xj SjjujLia (Jj-iaaJ (ji]| jjjjl^-i]! SjIaj ^uujjJajxA]! jLiajV! 

i (_» a!! £.!л* 2 4>ja. ^j! л1! ^ i jLi'i» a!! jl j~v iL/l SjIaj o jjia]! jj^a]! Д_э1_а. jjj 4_L-aj]! 

л * 

.^jjjl! ^-Lajuil! !1д AiUajj (Jaa (jjiajl оЛЛхИа L_JJjujjJj j_J^jilj L)! jj (JaxILujJ La IjIIc. 
jjajx] (jl C(Jj>jujj]! jjj!j] ^~n ~ч jx_x-a! i 5 . 1 4 cJSi'j]! ^^э jjja]] lii j j 

j^A La !Iaj .< 1 aI£ja 1 ! Cj! j! U! ciAi j^a! j»_x-a! ja jj£I Lia-ijLi t jh>a]! jlluiA 

£jjj-aj] CljjjLa ^jiil A-iJjjJa]! Lli! jC. jlli]! AjLii (jjLii^! (jA ^-ujjJajxA]! (Jja-ujj]! <C.Llx-a 
A_i>judijj]! (jj3 AxuujIjL] ^ )<jjLaa-i! CliLLaijuiA]! c" j]>j! t (JIja]! (Jaa-ioj .aIaISja]! C1j!j!U! 
a! JJI J 248 nm lSjUj lS^ >jJI JjJa Cjli Deep UV stepper ' 

(Jja-ujji! jjj jjj Cjj\ tn > a Ac-Llx-a ^Э (J^.jj ^ L l^_il jja. (_^-Э cl995 ^alc- (_^-3 4_IaI£ja]I 
(Ja (jj^U j! ^ >j 6 193 nm <jjLaa_i! dj\ WLxia]! j jjLai! Ди^.! j! (JLaxjjuAj .2001 

4_i3 i4Lia\! jjajC. L_3jlij A_iJ j-CaL! 1 _аЭ! jC. jjjILIj AjuuiiLajxA 4 _ajILLa jm>a (jjiaj j^aa]! 
(jja jC. (j-alflJ (JA Jj£! Ac-j-uiJ J*1 > a'! (j-aiajj c 5 . 1 4 (J^jaI! ^ j JI a '] liijj »50 ПШ 


.^^ajjUI^ o jLvn J*j o jLvn Ic-Ijj jjjual! L->q > >u jljJ JalLuij jlga. jfc Stepper (_g jLvn!! Аа£иьй]| 

fijjxill Ajauuiajjil (Jj 3 <*uoiV! j .300 ПШ jc; lgj->jA (JjLa (jLl Jfll SJjxUI uiq'i jl (_3 j 2 АлоЗД! 

.((э> jlai!) 13.5 nm jc. IgJajA JjLa JL j£\ (_^A !j 


n 

(**) 


557 



^lj (Jj-aj jl ^ u.n3a *i» (Jj -ч ^n" Д-С .1 u^il j£aj 1^1 ;< 1 л 1 £аа 11 CjIjUI Cjlilij ^ AjIjjII 

II 5jUj j j j kj jl VI .<1д1£1дД CjI jUI Яс-1 'нл Ji 50 nm ^-jjj jji [_g j» jliLjilLa 

(Jl Extreme UV l-i?. S.iwJI Aj^jjLIjII jja LsuibU Ajjlxi. CjUaLjba jl 157 nm 

aUSUI CjIjIUI oUUuV Uii VI J. ^~1~ч i (jl (JjjLLaI! I ЛД (j-Q ja x-ol jA Lq 

Ajj jj-jall Li! JO jJjUI Lll! jjl C 1 AjJj.Wa (jli (Ju-aa-i ^al lijj б! JJJ^ £_ujj! (jil 

(J j"uj,iaII ^Э ^ ^xijLa 1» a\I (Jjauuii! 4jaJajui! iilj£3! JAJ jj j (J J^-J 1 S JJUJ 4_iLai! 

^Jj ^Lnjuj (jj^i (jl ciiLjjjjilVI Я -ojj^j OJjujLiaII Aj\j£i\j LiiljC-jJjll (j^AJ (jSJ . jjJ-ViaII 
<jliijjjVI clili (JI£joiVI Ailj£3 .Д_п Jj-lall Ьэ1 JC. Jjjlll ^gi CIiIjJ j.W a" оЛА ^gic. L <iUMVI 
^ <AjiAii ciiiiiijii aja jj3i Aj^LnVi j и j^. A\fu* (Jj^-iujjIi (jji j ciiiiiij ^-ic. <jiix3i 
4<1 aI£ja 3I diljlAI Д.с.1 ^^э <jajj 3I Aj^LnVI (j-o ljA£ (Ji! ^ unlai* a" (Jjauuii! i-c.1 u-a 

Д.с.1 u^il bLa. ^jj-aj jl o jjIuLia]! <jLi£3! cilili dili jjj£ 1V! Я -ojj^j Li! jc.jjj 13 (j£-GJ I ilj 

.^ljo jlVi» a diljLijl! j jk 


1 g'njkLlij ^c. jj cdilj jjj£ 3 V! i-Ajjkj fijjjl_iA 3 ! <jLi£ 3 Li Lii! j£ijjj 13 ! djjl£ I ijj 

j ^3 t AjjujjlajxAl! <a jLLoll (Jj jii *4 a" ^^Э c£ 3 juia 3 ! jjajC. JLj. W'il 1 ‘i£aa bLa. с<ц-л^_ 1 аЗ! 

$ " * 

4 'ia" FIB OjLiaI! 4 jj Jj^! Aa jail 4 j'lVl (JIaXJjuj! »1 x-Wuul ^ 1 ~ч 1 jl! (jA (jj£j 

^jtij J C<JjiiaA3l ^jbluiV! jijJ 6 Lijxa I jl_l£. FIB 3! j jJJ cljjAUa . luJaj! 4-i^.LiiVI 

j-a^llij Lajjc. AjaA! j|jji L_fl jjui iiUJ! (JjC-lLo (jl ^ij Ijlajj . (^JjjVI jLii! OjiaL 
(jLaC. I (jli Ijl . Ljj» ksi\ L-ilj^il ju*j (J» ~ч'| 4 uaiLxA ^ij ii^L^. cjlLiA c cAI-uiaI! (jjajc. 
^э Jaj^V! jj*j 1 Да* 1 ш! jA (J« Vi FIB " jjlj-aLiAl! jj jj £" ^jjllj (jl jLLVI 


. (jjjJall (jjli uilmiA jja jC. dll j (jj j j j £_lix-aJ 

ii^jjjJall Ьэ| j£i jJjllL vWIxja" jjajC. Л^ИхаЗ oLlilj! (Jjl! ^LajAV! IjA (J£ j*J 

iaJjjui! ^LiijV <Аэ1_1аЗ! fij^ (jjiaJ ^ajC. ^ IU>i jC. (jiaL! (jjlil! (J^LuiJJ jj 
(j-a jc. jV б( (J j^aW Ajilail iilaJlj sij^il jja j*-a 3! ^iajuil jn АэЬааЗ!) (Stripeheight) 
Lij-ujl J]| JISJ3U Vliu -kj>UI ^UjjI iu . (JjIIaIIj (jl^jLiuA iaj jjii! ^ Lijj! j cUIjuiaII 

JaJjjui! ^liujl j» ~uj i LiIaC. . (jLu-all ojjjjjuiJ (jjitu-al! LgjLuiLLA jlw'Vi (jill UjLuj l^jlj 

(jjajXAl! ^Ja-uil L V^'uxia" ^Э j-U! j*J Lo ^ij Ijj» \ AjaIaV! Ali^La. j^jj i j^. 1 jJj£ 

^jLl sijgil (jlajXAll ^iajui! ^ij <Jjuiilj iaj J ja 3! I j^i Ajilii! iiLail AjxuJa jj . £.1 j^il 

(JLa-j ^Э iaJjjui! ^lijjl ^Э (jl ^uJal jl! (jA j .iaJjjui! ^-Liijl IjIaC. jjaj 

Ajilai! jh^a" iiLai ! ja. *ojjj£ L_jjjuiji Aij iia"n 100 nm 3! diali <xi! jll djLuiLLil 

. (Jij-^all ijjj^ S-Llil ^^э 
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(ji_9 4 iU1u1a1 ! (jlajC. AjLiIiujI jjuiaji (JdJkM' Ajjjl^JI jbtjV! (Jjajlfl 1 jjl jj^. 

jjl 1 ~nj 4D£.!ji]! S j^9 (j! t (j^xJI ^Э ^^-lixJI J (Jjlxl! jjjU^kjl j)JJ <L-ali]l ^iLuiAl! 

s * 

cUlU-i! ^jjiiuuJ! ^э (jii! jLiii! (ji jAa-Ai! Д -ujJja ^^j . ^jJa^ll AjLiiuiV! jjdjVl jj-aiaj 

jj-ajiaj j! (jjl (jjj^uiil А*»л^ (J*ja. :u \ jill £j^3 j.^ jWI IV^ jjiajjJa (jj^ -i^.jj V 

c5 A J jj! A-buLllajx-Q <iila (_)£ (Jx^. j^A-oil (j-Q jj^J .AJjlxJ! Clj!ja_ail 

200 j^n L2U. (JjLuU (_ 5 -i)^) jcLuiaAi! оЛ vwll 4 U *1 jia'jar a'I 4_iila <ULaj_o (j-ajiaj jjSL liij 

(j£-aj tojji_k-ail cCllLuuJ! jjajjC. Cjc-j .Aijiajj j^AJ (_£ii! -li^-ji! j-ojWII 

(jl VI il^jUi! ^lia. j! ЧаДа)! <iiLail jj£jjj ^LAjuii jl j)aj* aII jJIa)! (Jjc.liAi 

.Cimil! Sj9 ^Э ^jJJ^ jjajikj jj-aa. !i! L_l! jJajJa^yl) jjajxjj jl j^-aJ JJ> a!I jljiiui! 

jjLaJ! j-ajiiii! jjjLaiaJ! j jj.i*4a 1I jjj ^jL J^ jjLoj (Jjk-o^k jlfiA) £-iAJ ( LiU j£i 
oja_ai! l! ja j^Aj cij .(150 A jd LIU ^Uila (J£ a^Luuj jjL_uj^ AJjlxi! Ljjliiiaii 

.(JLauL! ILa ^Э l_ 1 j_U)! jjaxj jjiajj jA L_liuijji! oLja.j oL j^_)l -LiLxi! 

CPP Sensors JeU-all jLuS! Lu! j ci lLiv^! ! 5.3.14 

^ Л S^ljil! ь ja -э ->j^k Vii Uaa. ja jV! (Jjfuii! jjfL лз 4L_fli AaII A_jL^_j ^э j 

jjjAll liij .j jjubJl laLxa]! jLul! Luli djLuia-Ai! л *ил i&> ^^J) (JliijV! jA j^AA ла. 

cijlja-9 c^.jj V tCiiLj cjjjjl^i! jV! jUllj (j jixi! jLU^il (Ji<u c7.14 (J^-ui)! 

* 

4_ixj <L-a ja й л 1 а ^j! j! jLauV ! (jAiialxAi l“!\a» >, hJ ! LL . (Jja-Al! c." j Vi jl (j j9 Я 1 jlc. 
fjljl (jjjjJajxAi! oLIa £_ 1 a) Aii9j iljlc. Aiila tCiljA jj£i j) Ч -^J iljSJjuiA a!I (Jx^, 

. j^a'I JJC" j\-£i)l (j9Jj jx-a9 (jA 

Cll! i CllLuia-Ai! (Jd j! (Jj 9 1 g j'c. L_lixliil !~ 4 j (jL! dL jxu-ai! (jA Cj^xS! tiiLiA 
(Jia-ujil! (ji jjj (_ 5"3 (j jIiuiaI! (jil! jLj)! d!i cilij ja -л jjjjuiAii ла1ха^ 1 jLiii! 

^JjaI! Л 'j<L ; ;nil L^_i9 (jiajii j^a ScIa cUj) > J jj^l! <jjxj-all ^ U"n J • AjjUlill 
,ЛЙ l^ 1 Cjjj Lu! jjajj9l .4_iC.jji! Д_л jllLlj AiXoxi! A-iuUajxAi! <UjliAi! 

(jA L_alLjj c200 Gbit/in 2 AiL^j (Jja-uiil! £_a л1а\ jd A_njU_S! ccUj! 4 (Jjjjuia 11 ^aUa 
ja_i j jUu U.UiA > Яа jLa Ujc^II oU <_ LU" .CoFe/Cu/NiFe UjbLii! <jaic£ll 

Q ^Ajil! jA ! jjj£ (Ji! <aj 9 dUj Uai 9 3 C (_£ jUii (jjda_Al! AajIIa jl (j! 4 1.0 mQum 2 
>LJ j^-AJ j! .(Jjauujiil (Jjj! j ^^9 0 _iauCa ^I) ojLuj) 4_fuij (JjJa9l jjUM Я^Л^1 хйа1! 50 
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© jLiaa AjuijlVat a Д -ajLLa lui'l jC. jJjlijj cilljA .Cu (Jj-alill (ja-A (ja_i jl jjSj LS"^ 
i 10 Оштг j^j (_ ^jLujj 1^-j3 4_^Luia]I ^ Д_л jlLoll ©.l-i^. (j£j ^А^Оз j^.lja. (JLAxjjuAj 
•200 Gbit/in 2 (_£jLuj A-iaJa-ui dililj^ .ijc. 3000 Q. (_£jLujj LajILq 3з1 jj Lajs o За j 
.Д_21дЛ C122 лд_а!1 с1з 13 djljLnll (Jj^_ujj1 <aj!La jjL *jjjj£jl c!jLajILa]I oLaj 




jlaL (JjIuiaI] AaLla jLu (jJ (jaa-L (TEM) (jJjjjilj 2lAl j^ >a Sjja^ (I) 7.14 (J^uJI 

jLpuVI (jjjjkiLd AIjL .(ja^aL ^ujj ( jj) .f>\ j^I] (jla j*_a]| jb. ,Л1 ja Aj]J 

jA (jjj^aII ^ (j&All! j^LaJ! j . LLaj]V' j-a AAjSj 4LlL VLuujI jj (Jj%a 1) (jP MJjjxa ^j|j]j 

Л jj^]| (jJua]| jll (jlaa jVI JaaJI 

(j3 j t(J jJ-uia]] Ла1д_а]| jLij]! (j3 (Jji^-a]] A_aj^La]| й^1а]1 (^з^С. jjLl]I (jjal jjaljj 

aLu p jjjt ks-i aJLuJIj Ljj1x]I jjjjl^jll Д -ajILa jj^j (jl г vnj сАЛлЛ A_i^-LajuJI Lalj^ll 
. ^jjLH Lfc-l^. Jl t j\jj]l_J <LjJa]l ©j^-^LM JaUaJ^! jc. La^LJI cAjLiiIa]l LajILJI juajiaj 

jjLU ljjjuj jj jjlc.j 3 j^aa]! JJC. (jj jli c ju-saLI ©. jU j^.La. (JaxIiujI 1 31 j 

L-iajl j^-AJ Vj . А\ьял\\ jlajC. J-laj (j2l ^^j jjL/l jAaL! AjIaC- (J^jL^. 4_iLua ja] I Li]lc. 


^Ua-ui]l J-laj ^ji]! (_]L-a]l s-Uj! (jjSj]! з!1 j^La-J! JJC. <L_ajA jjLo jLunjl 

^Jc. Luajl I j jjB (jjajL jl (J jjjuiAl] Ла 1 ха]| jUUI 2 _uijj^_l j^AJj . jj^-I] jjajXA]| 
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^^э oLLa*J! a juniVia liLLi -э . ja^-a]! ^э < 1 a*ILuia 1 ! Cj! jldi]! diV Ua-o 

Л_п 1 ji 4-пс- jji LL^, Ljali^j! 4 j'qq'J! a 1 ! <ajIL<J! Я-«из j^LK'n ;djLL-ajA]! 

£ jj» ,ksb\\ AjuJ\ с1з!1 Д j '^лж a1! ^jIiuiaII лАхЛ\ jldi]! dj!i djLui^ -л]! ^3 j . л ,'n» a jL^'i! 
jLnl! dj\iU£ Xic- Sj^J! <а±1э]! j!js! 1 uj! ^ jjjj j! ^jdilL cjij]! 'ojAUal j^Aj H.i> 

, 8 aJU]I 


Coil scaling issues 


i Ил1\ ^jvv*) bUai 6.3.14 


4_l]lc. A-l^Jajui Дэ!п£ jj'qVl jiajxj L_JjI^]!j jji\a!! cLlj! ^vj> Vl ^Jj <L>LiJ! j! 

j-»Wn Ldaj! Jj^udil! jjj jjj Ус! ^_a иД jji^li j^Aj *У V! .L*-iLa 'л ~\ j>i! j 
2 -jj! jjj ^hkI! Jj> jji' J! jjj jjj n L-kLJ! dili]] ^JjaV! ci*J! ^ki . l ‘^IaI! dili] o jLaK 
j^Ajj .clllill! ССс. Jjliij in, 2 L-JjjjLiij jil! tL <JaI! jjajj^ii jCaikjjj . Cllli] ^Laj j 
1 jA jj£i^ !c> J-Jlc- di V cxa dj!J diliLij cJj> ^i'i Я] 1 л. !сЦа jjfL j! j-^JalJ! !i^J 
jjJL jj^i'J! j^Aj ^Lui^a C^aI! l ‘<JaI! (JIajCLuj! jc. lL 3 jj]! ^Ц! !j]ajj .(Gbit/sec 
сДа] n ji l-Ua fiUjj ji]! JI>aI! jAaj dJjj] j^i .ii^! j]! <а]]! ji l_uI£]! ^ja*.-o"i ^Jj 
jl_nl! jU t.s-x\ j^Aj Laa jj£! jLj ! 1 aj ^oj-q fz осУ ji! <ii]! l-Ua jLii oduj Aic .1 >/ia ^ i>j 
di]ii CL_aLJ! jla 3 c. L^a'i j^*ajLj j^ -Э (JjIj]! La! . j! <IaI£ja dl!jL jA Д-С. j'u--ia]! 
oCjui .LjujjIa «Jcjj c 1.14 Я]Д_*_а]! aUc. jjlajj LJ lii ji . jj'ij^L jA L_iil^]! j^i^j 

£a Ldaj! ол^! jl! <iil! jjaj j^j l_lujLjjj . jLU! c. La'i jLxaaj ^a L_aLJ! Цк!с (JI>a 1 ! 

.<ill! jLi c. L-pj 

% * 

(jjjU-i jjQ LllliUI xij—aJ i (J;-^ ч’.11 ^ju J <-l]l J'- ^ U jkl 

lULjolIj .1 (Ш1 (__5jLoLi a jLi.j 0.5 |Ш1 J^j jjLjU (jJajC. Clli ^j-Aj I—Uljji 

jLj CjIaL JUTiI (3 ЦП1 sjlc) a£jjuoi (jjSj jl 1 _ '■>■_; i“'l aL'l jV ‘I Jj^UI i— JJ j. . ■ j"'" 

,_Jiil <ULUI CjLliil jjSli jl jSjOJj .JajaA j_;~. чп JjA^a. jjJ jA 25 mA Jj-a!i 

* 

jjijjj ^э <]a*j_uia]! аЛл!\ 4_ic.L]! L_Luii]! di!ij а jLkI! AijjdU! djliLi]! ^u^al djjjL 
dlliL jj£ll] A^-iLula dlliL (JIajlIui! jLaJ cJLaI! (JjJau ^Jc. .(_£jL.! dlLjLaj Ц)> u.nl! 
L_flluJaJ . Ajjj^jaI! dlL> jaI! dlLijjjilj dlLjLaj jjaxj ^^3 4_daii_iA Д_а jLa dl!i УДа 

^il! AjjLj^L]! iajLtA]] j jiLl! ^jj-uaii]] aULa jj^j j! j^Aj oiUd]! diLiA j! di]i ^j 

.Ajjj^J! diLjjkil! (jdaxjlj t 9 L! jaI! j 4 jjU! У ^aI! ^i У jldlk! jj» 
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Summary 


4.14 


dalil jjoj 4^JL*_aj лИ*Иа 1! A-i^liiLo]! ialiil! j ЦЬ 1-<иэ L 

lAj^iLi]! djLujLLol! ^yul )Чх> ^^Э 4_A*_ual! A, u» }La'i» a\\ 

AJlAc dj!j ^jjjILA! Aj^iLi Clili^^A ojc ^^Ac L_lL-ia]! <_>a^)ii]! Ai!jjoi • 

diLj j^-A! o L a ^\Ayj . L-aLA! j L_jjlU! j (ju*ya 1I j j jkl! Lauij : L^_jjj Lajs <Lk! .ii* 

* * f 

. (Jj^-ujj]! AajLi ‘ia ^^3 4_i^Jajai]! Ailji]! oj\jj 4 j*j ^>> Vi <jl i~4j 

<ajLa]! Aj^ja]! a junLij» a\! j jji jjj Aij! j-A! ^ 1 V 1 c jj^JI Luuj jj^. # 

. Aj]Lc> Ajj^ -Э (_£C Jajjj ^Ac ЦЪ\\ (Jj>i jJ! (_)jj!_j ^jLliij 

^Ic. Ц'\<Х\ Aijjla !^>3jj (j! (_^^ja*- 1! (Jj> ni'il! j bj! ccLuia]! (Jj> un\l j^Aj • 

.ajILJ! Ajj^-A! с1з! j JajLui j]! 

oCj>ja]! dAi j\A j*-ua! j-aLj j-o J^! AcjuJ j^a!! lALua jiajC j^aLjJ • 
Ailij (JLa*Aui! ^->j (_5-3 Lailc (Jjaj (jl !л^] j^ajj t aLqI^'iaII aljlJI 
j j^J! AcLij-a ^^э caLoK'U]! c!j!j!J! ^э A]aaI1uia]! ;<jj j^]I lA! jcjjjLI 

. ^jutJajxA]! 


Questions JJluu 

> Clll jiwi 1 0 -ij JP йЛл lj jl j^. I jSJjola jajoj j]l jj£La j >1.14 Я1л1л_Л la3j . 1 

l'U/n^ jj jjjj Jajoijll jl (jlaljjab .40 kT jc K U V АллЗ (Jij VI >. I>J 
4 ш-чП jl»a ji^l Lo >ЛГ м =1.5х10 5 J/m 5 l^j 3 nm (JjLjjj 1$j£Iauj AjjljLuoil 

?1ла jl jiiojVI jLixj jiaj 

LaAjc. o.ljj <ii jj J iLa aJjj (jLll H (Jl 7_ Л 2.14 Я1л1х-й]| (JLjjxILjIj J‘^l — I .2 

• 10 |lm (J jLojj J. д!д]| jjai jl jjajjal ‘10 mA (JjLoij AjALi jlij Д —ajj Aj3 jjj 

4 jjlkJI CjUill ЛЛС. Lo >10 rnT (J jLluj AjAjj Jl a. IjK Ixjjjjj L-liakil jl£ lil — >_j 

?(jj| j]l 1лл J 
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4_1Э j^Jj t25 П AILqjILq (JjLuil ЯзЛ-аС- A )ui ) ALi*_xi Д_л jLLa j-o jj^-o j *1 *\ <0 I .3 

La .%15 (JjLujj 4 UxnJVia л\\ Aj-ojILq (J-qLx-qj c2 шА (_£.jLujJ Aj^2j jjuuiali jl -й 
_jjj^!i ^Jj jjjj ^ unlvi* л jj*j (Jjx^i^ jj^. bjLujL/l ajjIjs jI^Lq 

jI^Ia j-o jl^j l^jl (j jj 3 LI cJjc-ILJI Ld .0 = 100°j 0 = 80° Sj^JI <a±UI 

? jji^-x 2I jbj 

(jjl j ^Ja-ui jJC. ^Апха (3^^ «^jj Laxj.) jll A£ja. jl jjajiial cJaJjoiJj]l jjajij L_1 

Lo clOO ПШ UjLaiJ Д_а1 30 цл jj^-o Jalijll t kLo ^xlua (J jla jl^ I jj . Clla^o 

Ac-jjoiJ j-ajLI jj.li 1 л n^k Lg_i3 SlSjlxLI ojLujVI Ajj] jil ^-<Ja*Jl 4 _ajJI jllLo 

?10 8 T/s ^gucJaC-VI uijAixxill JUu-JI ^ jjj J*-^J 


j 11 * 4 , xi II SjLuij AjjLuij ^^JfcLuali 4_ilc. ^ *\ a \\ jjfL jl V 4 j jLSI jjjILaSI 1-л ^ 

?l ^^Э L^LLaxSI 4 Uinlal» xi 11 AxjjILaSI 

fijj^Ja jja. MR jj^-xJI L^_l c. LAil 3 JI I 5 . 14 J^JI ^ jjljll ibul iaa.V — 1 

? jLxjL/ I ^jiSj (U J* -0 Lo .1991 ^Lc. 

^JajjujVI Clllsl jjuj ^Э A i*\xi\l (j^jjjil J^ -л A UiiiLii» xi II J-qjILaSI jjj jjj i* & 

? ciilii 1 U» Ld .AjJj-all j-al j^VI UjIbIjjuj ^Э L^Laxluil Jj 3 xa \l 
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Jjjc. jjoaLV]! (Jj-^a^]! 


AjUKMt ljLa ^J t JLJa 
I ntroduction to Integrative Systems 

.^jjjjjc. ^jajHaII Aujjiii a <jg д 

Introduction Д-ад 1 а 1.15 

LJJj-utj^Jtj aIaISa]! ja jjlijjuij/t jj^ (j-Q ^L^tt (JlLj ^»LVt оДА L_ixj-alt ja 
ja Д_лД11а] 1 <jl£llt ^aiLc- ClllkJ ^btialt £.t jjj (ДиЭ jjQ Д -laJjuJ ^at_g_A jt ^j^. CL ljjijVt j 

tl_lA3j l^ijj jjj^ij (jjjjitt ^-u1a]L Cljlj jIiLLaI! L_fljJtJj L-LoIJ^-a]! L-ll xil^tt ^Э^ (JjLk 

JjJJbi Д-а jlajA (j-axjjjjj ДЗ c^Vlj j ^Jj J j*i t-Ajjc. j . Llj j jj£lj A-itLolt dlV ^Lia]! jc. !)ljJa3 
jUb j*-Ljj Ljijt j (_£ jiLit tiiajLg_j VL-ait (j j^j jt cj]jjl_iuj ^э L_i£j-o]t GPS ^ ja]! 
IA-iIaI^j]! Ljt-A jkjJt <iji. JJ.d Lo (JLaJ c*i]j (j£ .Lljjjjilj Lg_l3 ^SVia]! 4_ijt J^Jt JjLuJ j]t 
jt jj]t JLkjt j ^ jj.uj.iVitt j lIiIa jLla]! ^a'S £a ^Ajjuij^-itj lIiIa jLla]! 4_^JL*_a ^L^_a JaJJ 

.(Jjxiill) 

^JJjIiaI! 4 f\ \ 'lt S )A J Jj£iV t Cjt-A J li'lA tt-J ^ajj]! 4, ! \ vwtt 4_llAtSj]t Ljt-A J 1*Д *l A tt ^AJuj 

Aj j j%<Jt cjt-A jhiAt t Ajtii j (Micro ElectroMechanical Systems) MEMS 

Ljt Lt^A (jA MEMS — !t jj^jj cLajac.j .(MicroSystems Technology) MST 

Дх -sajjj .<IaI£ja ajtj jAjJa Ailaj ^^Jc. AjjlaLjjj AjaSj dltjtj <]aI£a LlljLiuaLAj 

(Jkaj <_5^]t 4 jS j 'it Sja djLj j£a (Ja <a] ja]! Ajj jSja]! lIJa jJ-ViAtt (jA Aj3 MEMS ^•.tLx-^AtL 
<j] jaj-u jj£! (^Д (^j]t AjjjSja]! ljLa jJVtAt! AjLaj d]LiA 4(JjlLa]t (^Э j .<j£t_ui]t s-Lj^UL 
. Д_2 ju^aJ j 4_2 jj^j Д -ljt ja jSj 4_1 xjLaj Д -ljt j^. ljL jLq jAjJaJJj 


Michael Gaitan, National Institute of Standards and Technology, Gaithersburg, MD. ^ ^ 
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JH<JI j .JxAa j^VIj Laa^.1 cMEMS — 11 1.15 JLill j^jj 

•Analog Devices Я£^а 111 > ^jLuii j* 1 1 — 1.15 J^Lll > jjj-Jl ^JjVI 

J iS ^ 

^jLujjII (jVUaj ^Э ^SVill AJu jLujjII ^Э ^i^LLJ! Jjjull ^jjjjui^lil (j^ -ч aII !лА JaxJjujj 
j£jua ^Э A f\ \ iI Sja 4_i1j jj (jii -ч aII ILAj .^lJaj-ja! Cllj.1^. <lLk ^Э CliljLiiuil! ^Э A_ij! j$JI 
1 Ag \л J^j tLx_A jjlk!.iiA jJajuLA J£-ui (^£- A jSj'iISjaII А_т11 оЛЛ Jlkj j£-aJj .<ilij 

[ | i ч \ J AjuJ\ ( j ч i (J j jSjaII ^ S j \\ SjaII ji/i'i» 1L) AjVi j . jjajlj Jjj^ajA 

l. \\1~*л Ijfcj Илл. A-ilLc- A_i3jJjj j\ g >11 оЭА L_flj^ajjj .^j^J! Sjlj ^J AiLjaj tojLaiVI 

.^!л!аи-а! ^Lj! > VJ ^riVn j! A_ij! J^l! ^jLuj jli jj^j V 4iV A_iaAV! ^j^ui 



Analog A£ juJ! ja ^ jLuij jjjLIa (!) .MST/MEMS <jjl 4 ^ jVLl 1.15 J^il! 
. jiulej Texas Instruments c> blluj jl$+j о^з (v) Devices 
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<L£jjud]l jA ^^^-a^jS! ^JjuJaS! JaHjaiVI jlg-^. jA 4^L_J — 1.15 (JSxjII^ ^g-iLiS! (J\j-al! j 

л 

^ (Ja*jjujI jSj tdil jx >»K a ' I ^ jjjjiSI ^blil (_>ь j*J (Ja*Laj (jjll Texas Instrument 
.Ljajl AaaSjII UbjJI jjj (Jjaxjjoli jl j^AJj 4 Д -ij jj jilill jiajjxl] a jj^J! AjjVI 


a jjoiI_ia <1aI£1a Cjl j! jj l_g_i3 ^SViaII IjI ja]I ja SjjjS Ajjix^a jlg ~ч11 11д ^^Э ja. jj 

jaj (jl 4 ^Luj£j 1024x780 < Lu)Loi]I ^jlyujl ^JVjj a q jx-oll jiLLa jjLujjj . 1 g 'ia SjaJj (JS 

^jlaju) ^Э ^SVnj £. j-ja]l 4jjj5Lia al ja (J£ laljujj .Ljjij j» x-oll <*JL al ja jjAa 

JJj^a Ai]jj] ^SjaLj j (J\. ^Aj 4 L«a‘j 1 jl g •> II |ЛД jl ^C. jjj .0 jjx-oll JA (Jju)£j (J^ (jj]j 

(Liquid 'LLLm]! cj! jjL]I cjLujLui] ^SjaI, пл]| jl.~> aII ja I jj!i£ £_u) j! ^ jjJajSI S jj jjj 

•Crystal Display) LCD 


jljLK-lA jl') f\ nl S )A jLlA jla_lA l,Ag Э I jjlliAl! (jj ЛА ^Э tj] jLuIa j^l J £. ^uu) j]ljA 

]| (Jjj 3 jA (jj]l A_iLl£j]| jjl_A j)a ') a1I ^Э Ч_1^,1л1а Aauuj о ЛА j 4 4jjj5Lia Cjl_jjjj£]j ^ 

jjjJaj <jja. 4^ u>»l а11 4jju) 20 — S! ^jlc- jjjj La (JvIa. . (JalSlll :MST — Slj MEMS 

(jiL £. !j! (jjui^k jjjJ j3j . ^Yu-aMI AjjjSjaII 4 Ix-^q iaII jjlj jS a II j)A jjjxS! jblc«jj 
jjl j 1 jVq пм j£\ Sj^UJI jSj LL fijjj^. cjlajilaj jj'qVi jA (.‘YiSa ^^jS! Sj^a.V I 
jjUa (JjjS jA ^liSI Aj1aI£j]I CjlAjla iaII jl£ jSJ . 1 g jqVi *ijjL "(J jj^IaI! jjIIa]!" 

. AjjIViII jjlajflaj]! ^Э I jjj£ 1лЗ J ^_a3j]I JalLuiVI jLg-^.j ^jLuii]! 

iLj^l jjjaJ! jA 4 j1a1£j]| cjLo jL'iaII L! j-LI j j» \ (j]LiA 

.cjlxij ^lc. • 

.'i jjkl j ^_i cjLi jjj^JJ 2_a (JaI£j • 

(100 pm-1 pm) (Jj11a]| 4jjj5La • j^.1 (jjLaj • 

. jiaxiSI 1 g Ya j jC- UIaa j! 1_ла (Ja*j jl j^AJ ojJJ^ CjLaU-a j jVi • 

. LJlc. <Lijjj • 

djl-A j la j a 11 ^J&La AjaA! jjljiS 4jjjaJI AjjjLI! <jLj]I (JUa ^! ^lla'jlLj 
4^ jjaJI jAj i ^Э jj£! j jC- £uJaj (J^a! (jl^ jLual CjLii^ aII clliJu-a! 1 аКэ .AjIaISjS! 
ajjxj-a ol ja j jMa £uJaj LjISaL jlS lj| 4 (JLa]I (JjJjui ^.^Ас. .LojlalA]! ^^Э LjjC. jjl jj 
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JaliLujVl j\-g_a jj^.jA jA La j! jC- ^lc. H-iSL^. ojalj Ail^j ^ic. C-^LaS! ^jjjli 

j!_jj j! £aj . jja-S! jJ^j ц^-Э 1 g x bsi j jLoJ (, 5 -^! AjjjliS! d j^a-V! jjc. (Jj^j <С 1 ^£а! ;^a3j]! 
S$.li£j CjLqjLla]! j^LJ Ajxjj •^^аа^Ил]! cjLojix-o]l jlcLo S^ljj ^jLuiji tSjg_aV! Ai\j£ 

1 g jLoj C 5 ^l ^Lui^uo]! (j-o jjS\I j jxJI j U 4 j j£ j-g Ajj jjujL^. Д_л jIslLq jjj 

CjV-^l-^j jjjjLo ^Э ^SVJI CjIj jJjuij j-o ^ajA ^Jj ^\*1*ч 'l iAjjjlj]! Sj^-^LM jA ‘LojialA 

<jlij]| CjLlJilaj] ^jqJI j j^aSI <jLI£j]I CjLo jhu'l cJ*J • CjLo j]*-a]I (J3Cj 

.4jjj\j]l 

j-ojJajj iJaia <jjoij^JIj ajLujVI AaJLx-A Ajaj^J! oj£aj jjj-aLo]l jaj] 

(jLoSlc.^ (Jjj£La]I ^Slxll jjj JaJ jj (j^! 4 jjj5La]I ^VKjaSI jj-£a\j*JI (JLoxjjuj! Ljaj! 
Cj! jjjJjjj ^1\ J Jj^a jl! J jXA-sa]! ^Э cjc- jjl! j-Q \j\jj <j£-o-o (J jili]! ^aJlxJI £a ^^aSLc-j 

(Atomic Force 4jjjS! Sjal! j$^-* сг^* Л^! J\ja1!j . jjjLjl! (JjLLJI 

Cj! jjj\j]| (jLui^jj ^c-ajuj (jjl! t j^>J 1 ла ^ jjijl! j^! j]li .Microscope)-AFM 

^Jc- cJja^-a jAj cjjjLj (juLii jl^A. jA t(jjj]| (JjUa]I ^Э cJjLI jjj Laj 3 <]j\, па\1 
(j jJjula]! ^Э 6 jLI (juLiL ^JajuJ! jji <jj-uijj] cjAXJ-uj <jj\j <jJajlc. Cjli 4 jjj£ja Ajjj 

jj£j j! j^-aj MST — S! j MEMS — Sl cJ ^ 3 j* <3^! jjjLLo]! Ajjjlil! (^jjIIj . jjLS! 
£-LLLa]I cjjj .(jjjLiS! ^lxJlj Cj\jjj£La]| ^aJLc. jjj 0 j>^\! ju-ua. о -0 jjSAjll cjlilii 

jjljia (jjj^lij (. fljjuij tMST Slj MEMS !! u-a Cjlilij (jia JXJ-U.J c Sjau cAj]\j]| 

.Lc. j\_j]l Я -jjUj]! L^Uniajj <jui3L1a]! олд \\j cCj! j! j]l <!aI£a 

MST _S!j MEMS _й &» 1*2 CjUUj Я **1 2.15 

Review of MEMS and MST Fabrication Technologies 


cj\jj j jj^lj Liliij cAj^li jA MST !! j MEMS S! jjj 4 -Lj j <L-a cj]\iA 

-цЛха! o j^.1 j 4_! i£ ^^э cj! j! j]\ <LI£a jA jL<j tAjjLi!! 4ja\j]! jA cjLL-a ja!! L_sL-aj! 

jjx_uaj ^Э <1 axJjuia]! ^jj-uai!! LLjJa (juLui! Liaj! (JjAjj iAjlij!! jjjj (_^Jc. Cj\-Aj]xA]| 

cj ! jjjjau ^-Ajuii .MST S! j MEMS S! ^^э jaji (j^S! cjLLsuuiA]! j cj\Lu^ a\I 

^xjj-uai]! ^Jj AiluCajj .(J JjSjaSI £jiu-ai]\j ojlc. CjLLuajAS! L_fll_uaj! Cj\jjjjji]j 
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(_£^)i.l dlljjjjjoi Liajl MST — il j MEMS — II “Lc-lik^a ijh (jAXJjoij t(_gjjS;A'l 

Jjii£]l J lcjjjis CjbUJI jiSV L ,/r\U ^хЛакл]! j}AuCajjj .(_£jj5Lia]| (Jjiuaa]| 
. ^_^Jauul]l ^JjljJl jj )» xxl \W j ^AuiaJl (J J jSja'! (J }Ж,Лп11 I j jfLiLuil] jjfLlxJ! 


cIj! jjjjjjj ciiuli ^^lc. (_^jj^ia]I (JjxCuj]! j j! jlaj <Lq1^1a]| cIj! j!J! АсЛ u«a ^ jkj 
jLjajj]! j (Photolithography) AjjjjJal! 4x.l_Ja]! j Deposition l_iijujjj]! iajjujLoi! 
4x.lila]| Lo! ,L«i ^Jauj ^gJc. jjjij s-Lxuic. ч maji &jjj^ ч yj^jjSb Ax-aijj .(Etching) 

<*jL<jq oCLoj jJal] jjjLuj^. £.LxjqC. ^Лс- CIiIjIa]! (JI^juj! jJjx-aj ajjjlui C5^ AjJjjJa]! 
S-juCa]! L^T-L^. (jo LvixxM ^ji]! l)' 5 AiV 1 j\Ll La3j L t ^JjuCa ^Lii (JLo*JjujL (LlljuCa 

AxJ (JJ^jl! ^LLxJ! (J^jj LS^ AljljAjS'l CIiLiIaxJI J JjiV]\Lj ЛхАТ fcjli.1 J .£.Lalx]l til]j 

cjjLj (Si0 2 ) jjSj\xi.i\l м,Л\ ^Li ^ nxxijj]! ^ VLaxILuj! Ajjox-V! cl ja jj^! j-o 
(Ni) (J^jjllj (Al) ^ jkuJVI cJ^ j-° ^ д\"|-чх> jcLxaij caxIIaI! jjfLLuJlj (S^Nj jjSj\xxi\l 

(jjjSjxo\l ^jUuaj'l ^ <xiLuj]l L_iijujjj]l CliLijki Lol .(Cr) ^ jj^ll j (Au) l_iaa11 j 
^ \3-i\l j ^AuujjjujjllJ jill j jj^n'lj CVD LdIjajS j jj»-iV 1 L-iiujjj j Ajj! j^Jl аЛхи^У! 



Sjjjluj JiC- jmj L_a JJUJ JxlJ/j'n'l J Я -ljjjJa]! <C.Llla]l J L_lljuJjj]l jl£al c L^y 
L_llujjj] VLLo 1 — 2.15 cJSxxl'l jjJJJ . jjSj\xx,\l ,\пЛ1 jjA S-Luic. (Jl£uujjj ^ nxxljj] 

.(Si) jjSj'xx, ^lc. (Si0 2 ) jjSjUl ■ \n xi<! j^ ^.Lujc. (4 i x> Vi 4_ili Lcail c L/njij 


75 mm c^jLui jlai cilc AiLa j MST — S! j MEMS — Sl ^ jilaLi]! j^ jii£ Jmxjjuji 
diLalij (Jl-Axjuujl jcLc. jjLjaai cjj^L-ajui]! l-a\ xuoil ix/i^ jl ji^. t& jj^j (3 inch) 

ji 

^l Lgi jl jax. ^jc ^ijjj jji £ jj£ jSl £-daji *(8 inch) 200 mm l£jLoi ji£ 1 jiakj 

j*o Aj\4 jjA jl AiL^ oAuj^I jjq Vi\ (0 2 ) jj> xxiSV 1 jpa jlk] j<o х^а A-i]Lc. <L^jC 

(Jcx-Aj ,\UxiSV 1 ^.Lujc. J-oil3 . L]jilA aAuJ^l (J l\ (0 2 J H 2 ) j l'N xxlSVl J jl^,J J. \)g \l 
Aic. <ki£L 20 jcLc. 4 _Sj1ia]I Ajj! j^J! aAuj^Vl j jxjjuij .jji]l ajlj^. 4_^jL ^^lc. dCixi 

.100 nm 2 4j£L<uuj . j xx iS Vl j-o ^LLc. Lg_io j-jjjj c950°C 
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lOOnmSOj 


djL&Il jjg IaJ 
LlJjjJa 4j uL a«ft3t 




tLJl j ^la v—Liu: jJ 

AjtjLaxJl SjLJI ja 


. jxna nll j (l_j) AojjAjaJi Af'UkJi j (i) c-L^uujlli ^ic- J \ла 2.15 JS-ulli 

tliA .A_ijjjJa]i ixAjJ-ili Si0 2 ]l e-Luic. J£uft\ jjj£j ^э A-illJi © jL^II 

1 j^-i ^lii 4li£i-Aj-u l,g \\c. s-LaC. jjj^li] LiJjjJa AjuLax ©jLaJ LiaJjJj © jj£j ^Jajai ^Uaj 

jjjjj .(l — 2.15 (J^joJ!) АДаэЛ CLijjJi L_flV! ьЛс. (Jlx-oj ^aJj-iJi (Jx^i^jj 4 |1Ш 
(JbLk jA c4_i^_uiiij (jj3 Ял -uji JalL-uL (Jx--iVi A_iJjjJa ix-LJa ^Ас. VL-q C_J — 2.15 (J^xxill 

cJSj lxjj .LJjjJa AjuL^oli ©jLJI ^^Ac. tLg_iij£i jj^_i ^jill JllLiVI JLA CjL^iis jj ^LiS 

(jj£ Ajtjai'Ji JalLuj'J JL^ -л (JLjuIujL tLjjjJa AjuLbdli ©jLali ^A! Lg-iS L_JjC.ja]| (JI£juiVI 

. j^JaA (JjI^-a ^Э <*_il_AA]i ©^LoSi jJ^-laj Jj©J c^LiSSi JJC. 4_ia-uiiij! 

* > 

1 I . „< l ^Luic. ji'iA n tLiJjjJa AjljLaa]I ©jLJI ^gic. (Jl£juiVI jLj LiSLaj 

.^ — 2.15 lMI (jJia]! (j3j (нғ) ^Lo]| JjSs jj ал©, (JLaxJj-oL 1 g jVi (jASI jjSjxxill 

o” v vj ^j^jaSI Si0 2 ]l jjjiAjj j-Q нғ ]l jj^-Ljl! LjjjJa <3 uLaa]I ©jLaSI £_ 1 и 
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diLjl j]l Si0 2 il (j! jj^. jj3 Ял -ujVI 1 g \ksi\ ^jJI SjLaII l! 1L $.! j^! 

SjUI (j* 1_л AJIjij Sjj^.V 1 S jLa^Il j .Jjj jjg La'Jlj <xjL<ia]! SjLaI! 4_ic. 

Дх -l-iLallj L_±Lujjj]l cJ*ljaJ j!j£j j^aj » j j"n j. j.i j/ 1 (Дпэ ja пЛа ^э L^jjLL <л_з!_аа11 
Cj! j АлЛЬ^\ ja ojjjS CjLiiia ^Ljj/ <all^_A j | ja (JLaxIiujL L*_a jjjjJAJjil j ^Ljjj-ufiall 

ja аЛЧ* a a£jjoi jjj£j] Cjl^lja.Vl o* оЛЛ (JaxIIujJ J . 1_£_}Э OJJ^-a]! (JI£-ujV1 

(JS x'Iill ^Э jjjaI] Иэ j j . Д''п, wll <1 aI£ja]I lIj! j! л]1 ^Э 4j\4l л]1 4 jjL j^^ll С1з jL-a j]l 

* 

a£jjoi ^LoijV AjJjjJa]! <c.Lla]l jjljla Д''п, wll <1 а1£11а]| л j! _ l]| Lliij ^^Э (JaxHjujj c3.15 
V СЭ . <1aK‘L11 SjU! (J^L CjI j jIIuj jj! jj]I jJJ Laj 3 Jj-aJ ^jJl А^пЛ* а! 1 iajLa^Il ja 

^xjj-fia] <1 aI£ ojjjdx^ o.Vq * a Aj-ujLuj'JI MST Ilj MEMS I! cIjIjjjjjuj jj£l 

cIjIjjjjjJ! tiiL (jj^i (jl ^ x^a'iqj чл1а1£11]| cIjLajIi'iaII jialjc.1 jj'q Vi j^] cCMOS II 


. 1 g X a л1э! jlo 



Яс -Liail j l-uam jIlL Ц -IjjSj jja 5JaI£ja SjL <^Э 4л1л1^]1 CjjL^jj]! ^lc- JLa 3.15 J&LJl 

: ja IBM A£jaa]1 А1э1 ja Jxj JLuJ! (jajjSI) (jLajj]| j AajjLj]! 
(<http://www.chips.ibm.com/news/sa27.html> 
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MST — II j MEMS — 51 Sj$->V Jji-uall Cil jjj^ jliic.1 jS-uj 

j^yLax I ujJ CllljjjJjoi]! ti]]j jpa jlxjLuj jlc.jj tiiliAj .4 >Tt/Ts'lxi jj/Tn CIiLAaC. Ac. j.a>.a 

.^^-^Jajoi]| J jjSj^II (Jjiuaa]! j ^-ajoi^J! (J jjSjjall (Jjx-ulJ! :AjjI>'JI djl_ajj]aj]| ^ LJL^. 
JS х*Л j^jjj • LJlj^jS jjSjLtill ojLo jjIiaL л^Аас. jA ^ x>ui>II j jjSj^II (Jjx-ulJ!j 

л = 

(^JaxIiujI cjliLJ! !лд ^^э .(jjsj ^LJic. ^LiiV jjSj^II (Jjx-uIJ! ^^Jc. VLLq 4*15 

AjlljlVll ^JJj-aLk l. _ \ UiH lajl jj£.1a]! jjSjLnll ,\U1|SI jC. Lja jC. jjSjLnll ijjl j 

Jj jij l_11uj ji • 4_JaiL-iA A-iiiLo Jj! lLg_>j : (JJS j]l £ Lulx]l ^^Э 1д j3 jJ ^^Э L_J jC. j-«J! 

)a» Jjc. ULai£ *ojj»-iV! L-JJjuj jj ^g-xixij ajjjJjuiJ jjaiL-ixi]! jLg_>L/l (ji jjSjLnll 

^Ljj jXuui t jjlc-LiiAl! <jjmj ^ij t— iiujjj]! Sjlj^. i_>ji ^SniIL LPCVD jjaikLo 

£* 850°C «jjc. Sic. ciUi J J>JJ .(NH 4 ) Lj J^V! j (Dichlorosilane SiCl 2 H 2 ) jjKll 

.1:5 (jjLmj Lijj-oV! ^j jjl^l! ^jLij]! jbLuuil] <iuij 

( ‘'L ?j' ' ' j J jfLiLaJl jjJ 3 jj 



(RIE) 

jjSjLjJI Jj Jnj j)l£jju\n Jjj^J 



jjllmU Jji-uLlll i. 



.JaxLa (juA -д] ^ 4m>ll j jjLia jJuuu Sjjjjauj ^ic- JLLa 4*15 Ji-uol! 
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Aiiliji! jA ^ilaJI L_jjU_l! ^lc. Яалэ £j3aj 4 jjSjluJ! .iijjj e-Luic. l_ilujjj .ixjj 

JllaS! ^Э Si0 2 М ^LuiC. ЯЛл. ^Э Ulljlj jll! UU <^Lula Ajj jjJa Jx.LiLa Jijjlaj 

Л 5= 5= % 

. 1 g jlc JU-ujV I JvUn ^aJ ^Jauii! (j j3 Liaj j Jj LiJ jjJa <3tjL<bo й jU ^JA'l V j! . (jjLuil! 

5= Л 

4*Ui! jjis j-o V Jj б(СҒ 4 ) jjjjil! Uj^L -iijjii! ^Lac. j'j^'n ^э (jUUujjj 

4 jjSjL Л! -l^jJj £.l_uic. ^Jc. jSuil! JaUuuj -IxJj » jjSjUJl ^Ja-ui C. LuS'l ЯалЭ jjj£J 
jIIaIa (JUjLIuj! ^^-л -uiaJ! (J jjSjaII (Jii-uU! A_AaC. с ^ JJa'n .4 Vjqll lUj jjc. jj^jiuJ! (jIIaj j 
(J jJJ-oil ^jjjja! Л UaiSjj^A j! (KOH) 3 ^jjUj jjil ,\u*iSjjJA Jjj 3 (j -0 ^LiIaL/ (JjLa 
*IUc. JjSuuJ ^_aUV! c_jjUJ! jia. Ailijl! jjc. LJ£ jjfLluil! jUujj .(TMAH) 4 j£>L31 
^AuiaJl JjjlUI (Jjx-ulJI bjjj^iui (JUxjjuj! j£-<aJj . j_g_aVl jjaia_L<J! -jjjjiil j-o (Jj3j 

. Uaj! ^J-Jalij Аж jjj^-a £_iua3 a U 

(Jjx_ulJ! (j jUiJ! (JUxLujV! (^-э AajLuJ! AijLJ! (j jjSjaII (Jjx_ulJ! o jjjjjuj (^_aujj j 
SjU j-o jjUi (Jj 3 j <iLuiC. Jljj 4(jjS JuJI (JJaVi jc. Uajx3 .^^aJajuJ! (J j jSjaII 
5.15 (JUll! (jjjj .S jj£jl! jc. L^c! jjj! ajxj Aj£jjl£jU! ajjjII ciiU jA ^AjIjL^ AjjLj^ 
aUc. SjjjJjuJ! oU Iajj . (^aJauill (JjjfUJ! (Jjx_ulJ! bjJU^ J-*c- 4 jqjS (^Jc. Viu 

C__lluJ JJ ciiSj £JJJj . (jjSjU! (j A Ailij ^JajuJ AjJaxlJ (jjj£luJ! .lljjj (j -0 ^LulC. L_JJjuIJJJ 

ULiaj£ SjjujVI ^j^jj AUuj! jj (Phosphosilicate glass PSG) jjUjill cIiUjLuj ^Uj 

.4_Jc. JUuujL/! JaUujj jjaj ^aJ 4 jjS juill ^jjjj (^Jc. LPCVD jjaia_lA Ax Aic. 

% 

С * ji UiL ix_i (J! jluj jlil <j|jli! fiiUi! UjLjcL jjiujjil! cIjISJui ^-U.j £jU jLaJj 

* 

(jj3 сЛЛхИаЗ! jjliUI j c^jSj'ISjaII oiUi! l_Lujjjj .SjjSj31 jc. 4 jSj'1Sja'I A_nj3l 

j_g_a.L/l (j»o 1 g jj.Jj Sjjjjui I g * mj cLPCVD Sjjjjuiil (JUxliujL Ajljii! oiUi! 

(JJjJLlli! JUxiulL ЛЛхИаЗ! jjSjLj.ll! ^Э JUuijV! (j'jA'n ^^Luixll L_nuJjJ ixj J . ^SJISjaII 

ллхИаЗ! jjSjLj.il! jjSj с‘п*ч (jiaLiAi! Jaxj c jjjAVll ^l^jjl jxjj .RIE (^ic-liiil (^jjjVI 

* s= 

fijU J! jj tljja.! .4 jSj'iISjaII ^ j V j 1 1 Ja! ja. jjSjLj.il! jjjjj ^Ja-uj ^xa juiLa (JuUj ^lc. 
jja 4 JljAi! !U (^Э .<iUi! jjis (ji ка 4_Sa-uil jJ Inl^j Ajljii! jjiujjii! CjISjLji ^Uj 
jli! <iiaiAi! (jjS Clijja.j JaIjUI Ла.! Aic. a jjSjl! (^ic. diiij AjjL 4_Jajlc. jjjSj 
^jLuiaII (j-U^ jL-ol ajuiLujVI Sjjjjuii! йэд JUxjuj! jSAj .Ajljil! ojUi! 1 g \c. ciiLj! 

jLujji! (juLiA (^э ^IaxjuiaI! 
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* ** 

\ yjSjLJi Aijiu 


1 

l 


^lc (JlSuiVl j j u V' 
jjfLAmll jaiaSI 


jjfLJuJl 


L—Llu; JJ 



^ jjSului JjJl ^jic. (JlSjiVl (j icaii 


^ (^bjSll) ju'^Vl 


.^jluii (julJJ lS JJ^- 4 JJJj S jjjjiuu ^_yJc JULa 5.15 Ji*ill 
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(j jjSjaJ) ^-4 ^ jjLiaJI JJLuuII Д- 1 а 11 а 3.15 


Integration of micromachining with microelectronics 


^U/4 ^Э lc. jJ-uj j!£V! (Jax-ujj]! ^C.jiS lix-aj (jjLaill ^Та^л]! ^Э 1_1л^Э 

JjxjuiIIIj jLiajujj (JhIII cjiiajjla]! JjjIa ^jjij (jj>j .4 jj!_^j 1! MST S! j MEMS !! 

Lo! . Ia^-IaxS ^uujLujL/I ^ jg QaSI ^LjajV Wj Ja j^j LS^" ‘(^buiSl J (з ^^|>1! (J jJ^IaSI 

AJXJ iiiSij cl^jixj Jj£! (jj£i (jl IjJjfLlA AIxjoLA £-1j-£3 6JJJJjuiS (j^AJ^ t IjIaC. 

1_£x_1a^ jJajuiS! jjA Vi j Aj1ijI£ja]| <]!1аЛ] Tj^Ljaj dilijlaj AjjLjj^S CjjLu-ajj 1 g ijal ja 1 

j^Lo! j ^jaxAiII (JIajjujj c4_^_SIxa] 1 Л AiLjajj .IajjjJo^j j passivation ((Jc.lij]l ja 

jj£ jLJ! (jjijJJ (jj3jS! ^UjJ! ojLa (j^ajl (,5^ 4/n*S! A >^a iSIj (JjIj jSaSI ^uJa j-°i 

. La£J3 l_j jC. ja]I ^jjISjJIj ^jjjjiSVI 


(JjxjuliS! 4_SaI£a a j f\\ ^JVqaSI IIa ^э aSjIjjj t ajjuj ^ju-iajA]! (J 1 1 

sj (JjLuia 4x_JaJ tiSliA ctilSi (jjiij Ajxjj . (J j j^jaSI ^jjjj£SV! ^JJj-ajl! £a (J j jSja'I 

: 1 & 1 а Wjj^j 


. aIaISIaS! 


W! 


£_1*-£а CIj! jjjjjuj £a (JjjIiaS! (JjxjujjS! (jSljJ 


. £.\ U-alSl (jjljia 

.Ail£jl! 

. Л iV'iSI JAa 


Sjjjjjui (j! ^lc. ajLI£jS! diLAjia iaSS-j 4‘il» ' iaS! jLiSI Cjlg_^j (j-i^j (j jS->Vi 
j! VI .Я1 а1£1а 1! CllljlU! di! JJ JJjui £A 4i3l JJA (jj£l (jl ° . 1>J (J JjSjaSI (JjXujJjS! 

aj!£! (jc. A Sl^iVia Ailij (^j-Sc- Ijjj£ia (JxuulaS! j\ g > Sl ^ju-a ^.Sc. ^ jL Ij jxa S^j^j ciillA 
^ic. AjIia Oj£L! оЛД ^aC. j ^r>^fc ^aJ-lL (j£-<ii .6-l^.lj AjSc. ^^Э Ixa 1 Ag nSx'l ^aJ 4<1 aI£ja]! 

jj£jj (j iS! ^ jLujjS! (JjjI i^a jA cjiSi (j-L .\i> Sl j\jAS! j . (j jjaS! (^ij ^tViaSI jLmaj! л ^SS i 

^Sa» Sl j)A 4<SSjaJ! аЛА ц^Э .Ajjj£ia Aj1jjj£]| oj! j ^xa jju-£ajA -li^.j (_£ jj£ia j ay a ja 
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l-l^J 4 <£liij ^gJc. JJ^J^H (JjtuuJjlL (Jj>-aaiA ^jLuj jjjLiLq j-ua-A £ji*. 


jLgjaJI ^ u-o 4 qKM j^AJ tAijjlall oLA £-LjL .<1л1£ал ojlj £a Ig п\зм jj jiajitJI 
jjUll ^ u-a j^AJ 4S^ Lil£ (JaK“ia jL^a. jJjlaj 4 qKj j-o !jjj£ (J^l jj £i jl ^jI-ILVI 
^пааА! LjAic. j^AJj . ^lj Uu'ij 4_IaJjuiJ jjj£j>a (Jjsuujj ojjjJjuij jLujjI! (JjLLq^ jx-aq * ia11 

(Application 4 х-П-а ViaII 1_LqI£ja 1I diljUI <jlij ^LiL IgxjuAj aIaK'iaII SjUI 

a£jjUI 4j*jj! (jU! gL£j\\ ^jL cJjILJI ^j .specific integrated circuit ASIC) 
BiCMOS jjjjajjoJ! ojjjj^ ^ MEMS — 11 © jjj^ j j / u>ii (^-L Analogue Devices 
ajjjjjuj ,j'L j iuxij Ijjj£ ^^lc.1 AjjI^jjVI ^ig-il! IU <al£j j£l . 1 ^_j 4u-*al_kll 4jjUlil! 

0JXQ Л (jJjj ‘Ujj^ (^-a£ 11 ^Liiyi Up iC -L al£ jLaj LsuujIj jjjuill clljl£ lil 1_л1 . Jjjiajll 

JaKjaII Analogue Devices a£jj 11! jL^. jl£ iAjl^jll ^ . ljxjII (JLaII ^Jc. j-aa.jl 
^■LHq jA (J-qI£j 1! jl£j 6 ^jLujj11 jjjJjLLa (jjj-u (^lc. (j^Jg а 11 jA 0.1^.! j <1j£ j-QjJa 

. c Lull 


(J Л1 ^_a3j!I juJall JalL-uVI jlg'N jA AuJajxJjaij t Sjuuj (jlll (^-iLl! (JLiaII j 

£ л 

^lc. J£ 4 4 jjj£ja SIja jjjLd! ujjlaj Lajs ( KVill t._ i~nj il_iA . (jjLmll ^x-LaLill j£i 
*ojg_U^ I j-Q (JjU ^jc. ^^3 -t£-\j\l (JjVuuxill j-Q jl .L^jS AjjLj-qI! 6 jjx-all jjj£il tS-la. 

^^э . diLii j ji£lL/ 1 ^х-л LoLill <Ll£JI j j^ jA ‘j л^.1 j Яз1з j ^^lc. jjjall I U j-o Aj j j£ja!I 

.<j£uoll S-iia. jll LLjlal! Д-лй! <1 л1£л 11 tAJUJl &U 


I (J1 jjoill ^ jJa Llllc. AjIUJI CllLlilaJAll jjaVi jjam jA ^xj! jA La ^j UailLi 
11 j .AjjjIiaII ClLii jji£lVl j-a£j Laj3j i 1j4j jLi ?<1aI£a11 ^^Jja! (Jjj-uiA Ul_iA (Ja 


j-A ^^JjaVI (JjJjuiaI! Л (Jlajjll (Jj-^aaJ ^l 4 jJx^all (JAaI! ^Jc. MST — llj MEMS 
(Gordon jja j jijja. Uli U1 .l_£JA ^jj-<d! (jjUj ja_i jajjuiaII aUjjII ^C-jj 4<IaI£a1I 

0 j£ill oU (J-aiij .1965 7 ^aU ^ aU J jll li^J ilntel jLj ^UjLJl (^-uuujja Ла.1 tMoor) 
(J1 j Laj .<jjui (J£ Uj! j jjjuj jil jill AiLi£ ^э lic.L>Jaj ULiA jl ^Ac. jja jjiLL 4-9 jjxa 1! 
(jjj (jlll 6.15 (J£jjJI ^э jjj«Q jA LaI Uij jVl UjlS aIaKa'1 ^^э AUjill 1U 

1968 ^U j-Q Ljj^ Jiij a£jjJJ 1 lgjc.L ^jill ciil j jliuj jil jill ^^c. JLUy LiLj l iWia 


.2002 ^»U. (jia. 
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л1д Ljiuj Jjj) ljI jjIujjjI jUI лл& ^jJLo^V ^JLuli ^ Wbll 6.15 J^-uJI 

: JiLI Alil j-a лзи JLuJI (jujjfil) 2002 1968 

<http://www.intel.coni/research/silicon/mooreslaw.htm>. 


£-с 0jJal]l 4 _L.ja ^Jj <LqI£aa1I CMOS (Jjjjajjui]I dlljlj <jlij CllL-aj лл! 
a . al£j Лз1 jjj j .(j -йаИЬ jIxjVI j-bj-b L_a jjoi j <10 nm L>° Ia^IxjI l-jIjj^I 

(JjC-lLbl 4 j 3 .laj bj3j ^j^b c_fljjoij . jjat ь -oMI jLpjl £-q <Lq1S"ia 1I djljl^ll ЬИ 
jl ^4j]l_a_]l bjlx3ja]lj .jVI Aijxj (jl]l j jjjoi jjl ji]l (j-ojWi (j-Q ^jja]! ja A-iajaSII 
aL J j]l j£l .2017 flc. ^! J 2 b 9 nm j -0 4 J Jjb jjloijjl Jj]l <jl Jj Jjia 

(jjlajjj .MST ]lj MEMS ]l jj^s j-° 4 W l‘‘i ~ч a cLbli ja_i Ljajl jA jVl <Lq1Sa1I 

^ Ал1Ь]| AaujLujVI o jLxaJI (j^LLb MST — 1! j MEMS — II j! jlai]l bj!_g_a. j (j-i^! 

.<LK"iaII cii! jU! <LI£-q 

llj MEMS 1! ciiLajjIai ^l Wa 4jLqIKj] 1 ciiLa jJ-ViaII jl Д -ljiLQi <.* il^ III 

1_л jA Лш^ч <jaiij ^ jlaJ (jil! ^aL^J! (J! juJ! (jli <Лх 1 LajS Ajjjbl! AjlUlj <<Jjl_aji]l SMT 

AjjujLuj! <LI^a Jjuj а1!уЬ Ь]Ьд <b]La. .^qK'ill c." n^k (j-Q JjJa, aLqISaII (jjl jb jiK! (_gA 

:MEMS —11 <jlijl 

. jlAjJaj]! • 

. lllb (JMJAjujll • 

. V jl (JJJJAjjl • 

dlljlxk (J JjSiaII (Jji_ujj]l bjjjjui Clll jla*4 KjiLVii (jjAjJali]! j'L'ij 

jjjlaj L_La_i <4jjlij]l 4_ia.lj]| (j-o3 : jb jji£ jbijxj^a JLa. jj Ьд . jaja JajjII ^juWi Sjjjiuj 

jj .^jn-ajlb ^LiL Ajc.1 'u/i A-ujjujja ^lilij i. i>J cAjjLajill A-ialil! j-Q j <ajjjjjoi]| 
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4jj£! jl 14 j! j^AJj tJjitlill ojjjjui Д''п, W 4laKu> Cljljlj £_L-a SjjjJjjj 

AjjUj j-u jaJjoj й J j JJjoj ^ajSj (_£j]l а1л1£1а11 CliljlH U-oaj . CllljlaaJ! (j* CljHa 

4_ia3j CjI jl j ^LjV Ajjjj^Iuj <J1qV (JLJI j jg >11 j Cj3 jll (jo I jjj£ (Jj±J (jl ^>J 

jxajjaj 4_ixJ AjjjjJjuj C 5 ^ CljLjxi JLkjb ^Jj-^aII ^Li] J^-uill jja JJil lj] .AjjlaLijj 

£-jj-a] LK ajjjJjoill j-aU-o4j j^aaII ja jH 1Ь1 V] I-^J3 MEMS 1! ^jj-sa ^jlaj 

II 6 jjjjj-o jjjlaj] ULa JLoll jl£ j ^2) tAj^ljjVI l$jaUa JaI£j MEMS djUiiA 

^jj-a-d 4 я У< 1 а dal у\\Л (JJjjujjI Я -jjUMI Л 1пЧ 11 djl£j 1 4 1ахЛ1а\1 MEMS 

(jj£j jl ^jUaM! <al£j jli 4U_sl£ jlL ojjj£ jlg ~ч11 (jjjuj jjjl£ lil Ля U . jj jaTu ja\I j 

.IgJ (^-Ul! ^Lj^/l \ \t.ti\ 4 K UIA 

Analog Devices a£jjoJI (jl jUjI! jjjIjIq ^ iU clajl aJ] Ljjjl LU liajj 
jjjJjUa! ^joUJ j]| (jjjJajll (Jj-ojj .iMEMS Aljjj]| SjjjJjoj A '1x>iaII Aijjlallj 

jia . di! jLujJ! ^ Ajj! j$JI jjU jl! (jjUal ^lc. (JaxI ^»1 Cj j ja. (j*ujVi ^a ^ jLuui! 

(jjjl jSll ^^uJajjjj il^ja jjj^ (jLo! (jj'Uj J] cjljLijai]! ^i Ajj! j^J! cjLuijI! (JLa*HujI (j j 
(jb JjSj jjjISj tjlljAj .l^ja ^Lj o jLiuj (J£ ^i 1 ^ \ f \ jj LJU S,wjAll cIjIjVj]! (^i 
t>ij .2002 j»lt <^а '“jjjL Я 1 « lg-*aj ^JI LJakll Cltb аа Analog Devices a£jL 1 I 
(J jU'l jjJaa! Aja (jjAjJaj]! (JIajCIuj! Jfi*J (jUaj]! £_ui! j (jjflaj (j-L- JU !3д (j! ^uJa! j]| 

.Aj]LUI <j]jVI ^ joKj ^c-jj 

CjIjjV (^Jjl jjd (_gl] Ula tilliA clil£ j! 4 1 j j.W a (jjflaj]! jl£ I ij Lo! 

jA (Jjjj]| (jli I j] . 4,q\S Al 4 A&L (jj^j 4 Sj-uj оЛ vW jjAjJaJ ^jjjjjuj jjjlaj jli 40 j^j]l 

Lo] tMEMS 'I djjjjjuj AiLja]j tl^j (JjjLuia]! (jjj (jj jjj jajjuj]! Sjjjjjuj (_ 5 -L- ^IAjV! 

.Iacxj j! 4_1aU]I jjjjajUI Sjjj^juj (Jja 

д # 

Sjjjjjuj IgjLj <1 aH MEMS ojjjfjm (_£ J^i tUL jjjjaJjuj]! AjjjJa ^^a j 

Sandia 4 j'U j]l LijLuj cil j/U a (j j] jjaj*jjujlj 0 ^-j]l I лд jj3a jS] .aAaH ju jajjui 

.iSjjJall ^j^j 4л1^ (j^j jlfU Lj -Ь jc. ВаЧА 7.15 (J^uil! j jj .National Labs 

> s= * 

e jjjaui <_ sj=J f .MEMS — II jl^a. л 'п.тпи uj^ (j jLiljj Яа1а j ^c. jj^. Vjl (jUii 

ILaj cajjjjjui]! ojA JUjSI j*Jj . j jal! ti]]j MEMS L (j-^Ua-ui (_£jj^La (Jjidi 

Ijjj jjjxjj . LS nUfa j Lil jAjS I^IaUj Aili j]| -пя Vi (jjaj ^aJ 4(jlj jjuiSL jjaJ! 

e jg-U JJJ^i (_gA ajJa.V! o jlaaJ! j . j ja-1] ojjU-a CIj! j! j £_iuU 4_1aU jj jaJj-h Sjjjjjui 

cjiliiuLA 1-QjiaiA 8.15 (JS Cill (jjjj . j ja_l! (j-o i__j|jj]l . ju.iSNI ^JljL MEMS i! 

•SUMMiT LjjU S jjjjjuij сл» u-o 
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CllZkJ AaajJaa MEMS WjJjSS 


(cmos) ji** ^ski. 


t_g j jSjjl ^ i5La.\l jlg •>!! (Jjxjju <aial<j 


jjuj 


ткя 


S'jlJl f\/l[V| v 1|\У1_1 

'Q^JLA 

^i_r- 



X jiUvi 

£ 



Vu'jSII 




V 



As - AjLuLh AljJa 

Jjjjjj 

MM poly 


n - t -У ‘jfj 


13 4 j-a jill LdjLuj lj' J ГЛ A ijAI U J 4 jbj j JA MEMS J ^jjjajaj jtg-aJ Sjj-^ 7.15 JiuJ' 

: (jj А1 ь\ juaJ' Jaj djuujfl') 

<http://www.sandia.goy/mstc/technologies/micromachines/oyeryiew.html>. 

' j^J CliLajJaj Ял -iJaJ -l^. jJ «Vj' (JJ jJUjail' 0gj jA J^.' ^»U 0£J cilljAj 

CMOS ) cif- MEMS 14 — S' Aijjia Ua *л<\Л cjbV jll J VU«U jjj^jL jj£' jSl 
jljLjlal' jIjU ^ 5 -ajjjj .ASIMPS 15 16 ЯЬ jiaj (integrated Circuit Foundry MEMs 
c-Loic. ^a 1 Vi3 jjj^j ^^Jc. c//-MEMS . ^jj j-ajuill 4JLUJJ' ^-aJUUlj Ljaj' 

4_UaljA]' djUila]' jjj U LJ jjj Clilijla ^ja^y jAjj^jj jjU aLqUjaI' oj' U' ^^3 (JjaAi 
JjLtJ' ^Uj^'j jAjt-j]' Aiaiaj jC*JA]' jjUj]' j' o jj£j]'j <iajoj]' <LU1a]' IojjjJau]' 

. ^aUJ]' UUo jJ j-aUJ' L_J jSja]' 

5 pm jc. UU' Ujlias' (Jaj V ilUia ^j-ua j£-aa]' ja ;A_Uj]' oU (JU*j_ujlj 

* 

Jc- 4_Ajta ^^jj ^jj-U Aijjia]' oU C‘ i1a»"iui' j3j .UaUaj Ajj j-Ca U-Uia Cj' jUk j' jjj 

JjjSja" UU' Cj'i jU]' (j3jj <c.jui CjUja-Aj t<jj'ja-l' ' ja£]' CjUui£j£ dj' jaJ' 

4 jUM' CjUi^-Aj (j3jj]' CjUta-A j jj' jaJ' (Ja -ч" Jz- <UU]' ^ jUlJ' jajjUaj l jkUJ' 

# { > 

jx-aljx] ^ jUj ^jj-U Uaj' AJjjia]' ^U C.** Ja»*uJ j . AjjjSja" i-JjljAjSl' CjLUllA]' J 
<Jjjj-nA]' (Jjj]' Jajixkj (AjUJ') AjjJaJjaM' £jUj]U <]Ua jjC. AjjjUa ^'ja' 
Jj]' AjjI_U]' sj^VI ^lj .6jj£]' CjU^a-Aj <]Ui]' jjc. jjjj]' CjU-CijjA j CjU' J^j' J 
.9.15 (JUuJ' ^ jjJa]' Jj'jaJ' (Ja-y" ^jUj jaIUa jA 'jj'jJA UUU' 
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LjjLui aj jjuuu Afjjuii! jiajiAuj eJJxju '-'1 1L ■. a 'i±&, jj sjju<a 8.15 JSujiJ! 

: ju> Ajjjajj! LijLui uj| jjjius Ais! Ju) Jxj sjjj^j) <*■■ <ijjS|) Sl \I \П Г 
( chttp ://mems.sandia.gov/scripts/images.asp> 



MEMSIC A£ juL! qa jja-L! ^jJjaII j j! jaJ! JasJI ^jLuii jjjLSa! 5 jj*a 9.15 jSjLjl 


: Ja INC. MEMSIC Д-£ jjaII AialjA j*j t jjj^II CauujSI) 


(<http://www.memsic.com/memsio 
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A Viqll j£_J* (JjAIaII AjJ j,W a ^Л> cif-MEMS SjjjjJ (J.lV 

> 

c-Lj^^JL <J!*-9 j ^jll aj^jjI^iaII cjl j j^-<JI ^ j'hA'i Sjjj^ ^ Kotijo алд j . (Jja Vll ^Ldj 

jc. (Jaj ^jII с1з1_ю11да]| (JL^a jj£l (jl ^ . i~>j jjj jjj£iVI jjj cjl j>^II jV Aj^Laill 

o (J^. jj jJaJ (J j^. ЛЭ j . jlg ~ч11 (Jjxjoij] (J jj 9 a Л^ л ^j (J jx-a j]| Ajxj j j j£ja]| 

.(Carnegie Mellon University) jjLa ^ 5 ^ ASIMPS & jjjjjuij ЯКЛа11 

^jjjVI (JjJajjI] Ic.Ij 3 (^jjIaIV!) (_£ j]*-]l (_^ 1 Лха]! (J jJjoia]! (JaxjjujI ta jjjJjoi]| оЛД 

(jjit_x-aj/l (Jj1aa]I лл Vn ^LJ олл . A jVi (_ji]l (JjaViII jjjoi^l dj\ ч iAI RIE ^^-Ic-liH]! 


. (j j j^a]| (jc. (Jaj <j\ y'u^ilj A IjS/lj (j£-cJj (Jj]x]| ^jIxa]! (jjjjoiA]! Alja A La* j jJ A Vq\l 

* 

XeF 2 (JIaxILujIj ^-lilA (JaiaH a Jac (jjV c ^^-Ic-liHll ^jjj/l jl iaV'iII £ jL^ JIaj^I Ixjj 
<l£Lui]| ^Lj^lL (Jx^j jL ja] VLa 10.15 (JSrill jjjj .a_i!j]| ja ^ААЛ e. j^Al Lql 



SjjjjaLL d-u^ A I£LuAl f Lj^liL Jxij (jU ja! ^jjdiVI ^uujaJI j^m Sjja^ 10.15 J^uJI 

(G. Fedder ДЙ1>* jxj ASIMPS 


Outlook 


i_a) jiJilui) 4.15 


ciiljliud]l jjld SMT llj MEMS ]] (_3 jja]| diLujljj ja л^Лх]| (jj^.1 л£] 

Ajj. 1 ^. AuujIjj diLH лАэ .^llill! ai^A ^jj-uj (j^Ldial jaIj LiLJ jJI lIIj ciiLljj t^j^LJl 
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J.}jcaj Statistical Process Control SPC Я jjJjIaJI £ jliVI ^ jii JjaaII 

ала jaj] A-i]l_ill CjVL^-a]I -CaIjJI Сялл^. j . %30 — 20 (JjLai (jjim ^ L , . j jaj 
iiaijJa]l CjLaIiS 1 CjLi Jj-aj]l iAjjj5Lia]! CjLijijIa]I c(Inertial) AjlUaxJI i"'l ...Ita" r ji-,1 ц-д]| 
Ja CjI JU.,11 i-JolljUI AjJAajaj LljLlJ LdjolJ 11.15 iJS ."11 jJJJj .4jjjjj djllljj 'j j J J i 

.2003 1996 

jc. jjjLsj _< 4-ijjjjL/I NEXUS Яе ja-\ л L^jj^. 1 (JjL.1 ijjljl Jjjjg iaj j 

jLIa 38 ^jj^. Lajj c 1 996 ^ jVji jL2a 14 jL MEMS oj^.V ^s-aIIx. Jjjj-xi 
Cii^j .2005 ^ jL/ji jLJ-o 68 sjaj jl^A e l jA c2002 j>lc- ^ jL/ji 

jajj jjjjj (jj]! j MST j MEMS (jic. (_j jlCj (jl]l AjlLill dil VVixtll 4 _uj!j.U! 

iIxjjjuj 


.A lui })Vi» х>11 <j\j^llj os-l ji]! ^jjjjj 
• dlxjUa]! jj^-!I ciiij <jj j j j 

. L__il^]l jjCaJJ dj\ xtLa \л 

•cSj^-J « j^a.1 

• ^AJUlI! dl CC- \_UbQ 

. Jnx-Cn]l L** tl Ч1\л 

. ^ jUJ! сИаЬил-л 

. Clllj J^JUj J JJ^. 

AjobdV! ЯзШ! (JjAjLLq cAjjIj^ CjL^. jljA CO-ljA^. . " Ax_*jL/I Jjl oJO. 

,(jajj]l ClljAa. a 
. AjjjSLia CjLujLuj 
. ^aU! $. ! jU! £J j jj CjLqjL» \a 

. ^gjlj^J^II Jjkjil AjjjfLl* CliLajlVlxi 

.Д -iJjjJa L_JjjujL^. ojli 
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lilijl diLiA jli cj-Aii! jj£j c__fljjai Lo ^^Ic. ^-La^V! ^»лс. ^»c.jj 

. J-QJ dlliA jj£j < SIjjuJ AjI ^ ic. ClaLujljJ lA'N. 


di]j jj£j dij ;MST ^lj MEMS L 4 j]i djlajjlaj]l dj\, 1*1*4 x> II (jl 

£_a ^JaLxili S-ijiiA A-aj^Lq d Uiij\ " ojjiu-a]! " 4 jSj'I Sja\I d jg_^.V! <j! Aiji^. j}C. \_A^.Li 
^ia dj^LsuoLAl] 4 Li^aII j! jjujV! jj£I La! . \,g L» dn j! j jj£La]I jjjILa]! с1з! i jAljIa]! 

Л jil! j-a ! jjj£ l\La"ij V jjJal! 4 _i^.jJ jV cAjjj-aj]! djliniaj]! ^^Э jj£i 


MEMS Sli .AjjjUl! аШ\ AjjL^jI! djUjjiajl! J! Llllijj! £_a dlli jjxjj лэ j 

(J jj\i Jfui AjIaC. Jajoijjj ^£1 ^Ja-ui ^Jc. jj^aLic. £uJaj j! (JjxSj] Ij^. 4 _aj!jLa MST II j 

% 

\! jli cAjj ji>i\l (jj! jLJ! H'V'VuiiLjj .AjjLJ! S jill jg y ^э j jdi ^^jii! diU a^jLJla 

Ajjj^La]! cjj\-A j I*i * i a \ l jjj Jajjj j! jSa i (jii! Л)*ч jil (Jjjjoii! LaA MST \! j MEMS 

. Aj jjLjil djLa jI*i'ia\I j 


Questions 


(JjLula 


jLiila 4 jjj£j] Ajjlc. jj jaJjuj S jjjJjoi] La j!>L]! AxjjV! ^Ljiil djLijjjuiA La . 1 

л 

^cif - MEMS o jjjjjuJ! ^ ^tliij ^ u-s a Jjj-aj!i c-jjiii 

?(JaI£j]] jj-q jjili jA La .2 


MEMS \l Sjjjjjui C 5 ^ jjI-AXj-uLA]! ^j\_iaj£]I jdiAjjilj ^Liiil ojLa ^ji La .3 

? j jSj\a*i\I jjjAjlii JJJJAJjOli! £A Lislji-A]! 


JjUdi! u-oMI ^Э (_Jaxj-ula]I JjjSiaW (Jjx-ajjj]! ^Э jLixjLdi! (j\.*ij\ аж \ l LaA La .4 

?MEMS — И 
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jCid C jjjjLU! 


^ <* 1 ^ ! A jj^ ^l| ^ a 1*> fr j | 


Nanoelectromechanical Systems 

( ^jk! оЦй*- 

bi]j%2 iluliluuj 4 ал1л -4 aUVIj АмЛлА ^шЗ 

( LfcHjb» 


. LuIaII — 4 _ц 1 д 111 £jjjjU £jj±«U AjljU. 

'-IjUjjU jLijb 

LiL^L^ cLjliluUJ AjuiLl tAuJajVI j f Lj^lll 


NEMS _Я C>J MEMS _Я c> 1.16 


NEMS OfMEMS and 

CjI jUI j u_fljUajll Sjjxj-UI JjaIIj i л \\ *\\ a j jfLi aII ^Ls л&] 

\lk\ ^ o Jliuj AiUj Cj lj AjjjfL-o 4 aJ-Vi' j^L <ujjjj£jl - 4jj^A<Ljjjj£lt jj<ja'I 

1 ojj-l^JI Ajjj^jaII <-UajVI аЛА j-ol£j . j jfLLoi]l ^gic- <ajI- 3 A_i^.j]jj£j cljLiiLaj] 

Aj£jjl£j-Q Cj^^jt-UiA jl CllbL-lA £ий J JJjuJ jjl Jj]l ^gJC. <Ajli CjLjjJjill <J-aljJA йЛ^, J 

AjjLaj £j AjjLjja Cj Lu^ aj ^cjLLu^aj tAjjjfLiA cjLuJaAj ^(Mechanical Actuators) 
<a]£jj iAiUa]! iCLul g'unl j l jjjILUI ^jjouIL Д_1Лд cjl jj-U cjLjllJ oj3ja lAjjj^j 
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Pennsylvania, Philadelphia, PA. 
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0-ll^.j AilSj A aJ-Vi! jjjlallJ l.!^ (JaI^J ^ajuj . CliLx^C ^_^1с. Aj^_11x_a11 £a ^AjiyLlA 4uCai^_lA 
£a ojlUa jiic.! t Jllolt (Jj±uj сз^” «cJU-ajVlj Aj^JLx-U! j CIjLgjLi-aII jjx-a Vl jAjJall 
di! cl_g_^,V 1 j ciA_^.L^ljVI j-QjuuiA J£iij l_jb1 jj ^_^U1 <>a ia^a ciA ^\~\а jA Дх. jj-o a£j-uj 
jl ;Ajj£j-Q A_^_1 Lxa L_lia] (jxmJl Jajjjjj jc. djLojix-«Jl j-o i^Liuj (j-ojjj cA_^.j^. CljLi j£q 

jjxu.llg a\\ jLjj jl j£-u ^_^jjJl C1 jL*i*4-q 11 j)-o CjCxIL ^ljjil (JijL^ Ajj-ajJaj (j j^, 1 jjji^, (JLkj 
AjjI£ jl AjjJajl 6 jA (J^Lk j-ol JJC. jxu^Jl (Jx,Vi jl Lg_il£-oLj <ijx_»Ja A 'iSa! jjla'n 
AjjjjLji^JI A_Jlc. CliLui^-A j-o CIjK n'll ^VuJal! jLuijjVl jAjJ jl AjLui-c (J^jjJ j^AJ .(_£jV 1 

.CjLa^-A jl CllClj^J IjflJA IjlJjl AjjJ^-ll jl A^LaJ^I! 


ijjij-ui-Q (jjjj (J^joU 4 ~N ulJJA A-AaI^j]! AjjjIiaII A A L i V 1 Ljajl C'l^n-al UJ 

(Reconfigurable) (Jj^JL ajlc.1 Я -iLta SjjA 1 g Aj,Vqj J!^Lk j-o cAjjj^iJI diVL^ajV! 
jja. ^.(jj^.1 CliLlij (jL 1 g jq Vi j^AJ V ^lj LK AjjujijII ClAS ntll 4_a5LiaLj.J! 
aSIS jl Aj^IujV CllLajjlaji AjLI£U! Ajjj£j-L! jajil ^ic. j-Axi! jjS (jSdij Ljaj! 
Ajllxil! AjILL! а_£ 1ЛЛ djLa. jljj£jl! ^^Jc. jjI jj-LI l_ jllail jli jxULj ^ ^ ^ ^.dAi^.j 
cLcjl Л cliL^LiL.1 djjl . Ic^£ <JaI£j j-o Ijjj^ . jq'nj l_ajjjj l Lll£jil a jil j 
.Ajjj5Lia1I ^ 1 jaV l\RF 1! ciiVL^ ^Kull ciiljl Л ciaL jLa jjjlaj ^э jjj^ 

^Loi^l Яс. Lx-aj ^jjj jj J£jLj (Nanomachining) c£ jjLl! JjxJLI! jVI ^c-aujj 
A_^.Luia1I aj-uu j a jjxu-all Lg-Aj-4^1 a > Jij .50 nm c j^-j (31 4^lL^. cLul £_a AjfLll^jA 
(Nanoelectromechanical AjjjLll Aj£jjl£jAjj^£ll a^J^\ oi^J j£-*j iAjlLxll ^->^ . 1 1 ^! 
cljLiujLui^ *oj3ja Aja.jijj£j jiiu,iVi a i-o'iA Jl (Jjj^ajlL ^-Aj-uj j! system-NEMS) 

(J j jSjaII (Jjxjjjjll LiJajl jSjJ tCilj ^j AiLjaj .4iLiJaA A. L£ jl A_i^.jl_k (_£j3 aLd A 'iLi^k a 

t jiaii-iAi! GHz 11 (JL^a ^j jV 1 CliL-a j A jSj ' il S ja Aj'ij'i j dll CC jj ^lj ^ jl jl! 

^.Ajjjj iAjLg-lll ^_^Э .oCj^j Ailij RF jLujVI 4-^JIx_a A Ala'il ^Laja! (JL^_a jA j 

4 la^LLi Cjj3 (JSij'nj 1дл1с. j^AJ (Jjiall ^_^Э Clll aj^ Vi ^Jj ^jljlL NEMS 11 LCajl 

AiUail j^AJ t(Millikelvin) j^lSjLll (JL^_a Sj! j^- 1! ciiL^jc ЯИ^. ^э .л_илЬл! jaIjLj 
(_^_aja£ 11 0_i^uCall (Ja ji-^ual jj^J jl GHz — II (JLa_A ^ NEMS — U AjjIj^JI 
2 _jja (jjji^ (^l (Transducers) ASUal! CjVj^ua .(Intrinsic quantum noise) is j^j^JI 

(J\.~4 а 11 Д_^.1 jVl (jiLU LLl3 1^-^.lj^'l ^jill А_пл\ iii^ll jc. fij-c A_1 aj Cxj! JaS^ ^S jaI! 

7 ' 8 .^jaSII 
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4jjjl_j]l A f\ \ \\ Vaj j^-£]l A a )Vi V I La,j]jj£jj ^ajixl Lolc. LjajC. j-uafl]l ILa ^aLL 

^c. jJI jj£jj]l ^a t jxunVill j ЯсД u^nll CiLa. jl jj£j AjI^JI ‘i l_ fljjoj .(NEMS) 

Д -Aja. Jjjj ^ ij-lxJ .RF ]l (J 3 -A ^^g-]] CllL-aj ^jj]| JjJJj]] £ JJjLaJ 

• NEMS ]l J~> »>iIIj А : \-\л jaI jLJ jiajx j tii]J£ юЛ^£ a j^_a.l ^ic. 4 qj)ax> dlljjlaj 

<j-aLkj cNEMS ]l 3 gI£j]Ij (J-jJ VH LLjaa] Lja jC. (Jx-^qll -L-Ixj j3jJ L_fljjj 

4jjjji£]VI a j^.L/1 j Ajjjljll Aj£jjl£jAll й j£_^.VI jJJ 4E-ali]l £* jlajaill ^lc. jj£ ji]l 
— CjL jHLI j ^JjjaJl Vll C__fll JjaJjoiL juaflil ^aJaJ L_fljjJ . ^jaS II ^ic. А-<иШ1 

.NEMS — Sl lW£S j 


NEMS -11 uL^Jj JjiCJll 2.16 

Surface machining and characterization of NEMS 

Jj 3 ja f. cjJI ^i AjjjLll ^jSj'iISjaII j AjjjLjj^ll ^_ 1 j]I ДхЛ ‘u«a Jljjjjl cil 
CjLjjjolaII 'occxja ^juAi ajIac. I jjL jjilll 9 McDonald -!L jc£Ia j Arney ^jl 
jja AjI jjll ^gi . CjL j jjill 4_Aja. <Jajj| jJ Д La'ia A-iijfLiLoi ^jj] ^^-liLWl ,WiSL]l A jU-i'ia 


Лс. ja^ aII CjCAa tLjLj^£ <]jjxAj (j jiAjjL jjLa Cili jjliLoi CljL-ajA i— flLg'uxil 
^jojIa jjja-A jjj jj £a 4 jjj£ja jjj A jSj 'il Sja C 12 !x_u 1 a ^jjj-aJ ja-i I^jLIaC. 1 g xVi 


V ^jSJI AiLix]l oLa jc. <JajoUA uu Roukes j^ jjjCleland jjLLK jij ^S 1 () .Д!а1£1о 


Luajl 4 jIax II йЛД ^аЛУихП . 4 _l]a-ujj 4 _ia.La. dllflja] ^gjljAjSll (_£jl_a_JI l_± 1 ujjj]I c._ lUa'Vi 
(Surface ^.^.LiaxiII ji Jjll jjj£ ^ jq V ^l (Jjjj Laa cA^JIxa "ь jixa. ja.l£ liLa. 1, xxiJa Yi 
jc. Jij .LiLjll AjJLxaII £_a <Ll^La]I (Stiction) ^j^juJI dll£la.VI J£LLaj Tension) 
150 c>a jc. dili (Mechanical resonators) Aj£jjl£jA cIiLLja ^j'uVi ^ac-ja^aII алл 


CuLIajjaiij ^-A Яс. ja>aI I ь jLL jj Carr jl£ lU£I «70.72 MHz g^LJ ^^lij j лл jjj nm 

^■La]I ^>Ljfl]l .jxxiSLLl (jjjalA]| -lVjj]l jA Cllxij (jill i$ >L]| (JjX_uIl]l AjIax] Д -j^Luaj 

^ 12 13 .(Silicon-on-insulator-SOI) JjLc. jja j jVL) jA (jjlij lWL LjLh 

Д -Aja. Laljojjj] ^al л VuxL soi ^>лха ^La LjaVi VjI cJJ^ ^ vIa* II 

* 

cVLoL jjSjLxill Alja jlC. JaAj]l jSj ^aJ jVlj С^>Лха]| jj V'lll j cdlLjjj£]VI 
AjjjJI L_ijlja. ЛЛУп 1л£д j c jjaxaII .JxxiSVI -lic. c__fl3 jjj ^jjll 4_iAj!!j j'l ia'u AjIaC. 
^jjVjll jjjjAjjll A-la-ujl ji LjJIxj ^jLiil S jaII jlg >11 jjjV jjau .о jjVaII 

jA ^^.jj ^xjjoaj Д Lxxi^aII aLaxJI алд c'i^axxi .HF ^ j jLx'jlL ^jjai£bLS (Underetching) 
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jj^- ^xj Laja l4 .(1.16 380 MHz Л tliL-aj AjIu j CjIjj jj ^ i50 nm 

(Single Buried sacrificial layer) "SjjaxaII Aiiljjall ojjajll AiJair AjjlLdl 0 ла jjjLj 
c^CjIjjIjII j.1xja jjLail 4 1? Si02 ‘ 16 Si3Nj4 15 GaAs Ig-i^ jljall jji ^jJj (_jAa ^jic. 

-0 . jj^VI ^ LLajj jSL LaS GHz JLa-tt CjUjjjj jj 4 19 SiCj 

MEMS II jjjj oj^a.1 Jjjajj] (jjjjjaJ (jjjlij al^ajjjjl Ajjjjjj jjji/ij JJ?- 

LljIjjj jgja 12 4(Interferometric) Jjj^all Ja-ljjiL jjL^II AjjILo J .(1.2.16 JSjiil) 
NEMS ]1 (_£j!Loia jjj jkljj]! (JjC-lLo l" n^k . ^_n]l ^lc. 

^^lill j Д_^.1 j^U LujLui^. a uiS» i^ll ojLuj^U (Modulation) liU ji ^lxui]! jlubo j 

.» 

<SjaJ 4.** laLajj 4AiLaJ oLa ^ .AC jjila (Photodetector) Ji jj -Ь 4_JJl£ ^лУииЬ 
LiLLc. j 40 jjSjil J NEMS —11 jjj AC SjLuil jjUaj jjc. Ujjt-uj Lttl Ajlxail 
Ajlijil олл ^jij .jjjj AiLa. (_ji AjiaxjJaj j^S AjijS jji Ailijil jjJajj (Inertially) 
AjjILJ ^ .100s MHz (JJji (ji) jl 4 j jltt jjliil jj^ (jAtt J) CjL^i j 4lj LjttiLja. 
^ AjSjjlSjtt jjl j" ijjjLLjttll jttLaij (jja. 1 1 4(Magnetomotive) AjSjaJI Ajjjjlajx ttll 
o jLjjL jl^jaJI AjLu lil J ja. .AjLjajttil jjli jjjlajxtt jtt ^jL AjAij (^jjjlajxtt (JLa_tt 
(Jj> ja .(4—1.2.16 JLiil) Ajjjjjil ASjaJI (Jxjjj Ajjjjiajxtt ALja-tt oji AjjLa 4 AC 

j\ (jjLL ^jj&ill Jjjtiil JJC jl 4 A jiSx jttll AjjL jjLil SjlLVI Ajal jaj Lal aL jjJ (jjjjiaj 
jLjlo (^ijL ju a£ jail Aajij o-iljlo (Electromotive force) AjjLj^S A£ja_tt o ji 

. jl^aJI jjc. (jjau ji.1 jjja jtt 

Dynamics of NEMS NEMS -J\ LLuILj 3.16 

LjlLajUii Ujjjj _ jij' 1.3.16 
Euler-Bernoulli model of beams and cantilevers 

A jctj'q Ujixt i4_uiil c(Beam) ^uJajlc. LiA Aijj-aj-UI Ajjlaj]! jiajji J 
(d) AjJajLUI a£Lqjui jl jialjjiaVI .(3.16 lMI) ^^^-JajC. Clilj j Я] jjLq 

^_lc. Ля ill Aj^L^.! aJLula ^Uai]! lU]J j-al^J c(l) jlaJ <jjlLo jl jj» x-a (w) jjajx]! j 

(Normal stresses) j^iLJalil! jj^l^yi jb jc. 1 j> cUl]j ^^ic. ojblc. .4_JajLUl J jL 

j-o Ja! li! j^j! ^Oj-cul! ILa jjajiiij Jjj^Ij • j jl ^ g ^ jjyJ>ll jjaL>jL/! ^ (o y j o x ) 
4К (jo ttJl ja_jU (^g-tt-oaiSil AaJI 4_jjlil |j| .(K) (RadiuS of gyration) (XljJjil jLi 4 . L_aj 

AjU£ j^aj tUjluJa! jjaVI £_д . JJC. ^Ljal Лл. jIjjC.1 Ia^jc. l_l>j 

: 4jAj LaS a z cs^LaI' cs-«i=>Lil 
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o z = kx .(1.16) 

oj^l (jjfL jl Ч • ^bJa^jlxll j£^)-o X = 0 J Clulj k *>” 

:J£JAj ‘'jiuui (F int ) 

Fint = Jo z dA = 0 (2.16) 

A 

j-o gjjUll (_£jLujJ П WlVl ^ajc. (^La^J ul^ ^аЛС- £-<а 

:Ja ^3 y oL^jj/l i^J^-AjJaj V 1.16 AJ^bt-all j-o ^lillj tAdlkl^ll <_£jii]| 

М = М У = Jxo z dA = 0 = k Jx 2 dA (3.16) 

A A 



J -Si NEMS 1.16 J&A9 

jLiia " j jJU jljjfr" Uj jSjIuj :>frVI 

^ libLuiVt .SOI Aili j J ji ii Mj 
Я1к« (jlaje. 50 nm Cf- i jUc. 
jws л jLi л ■ Ui . -) .Si uli jbu 
( DW.Carr j H.G Craighead 


(ji j*j Si ju> CjUa jlc- ц! 

ju) .AuLad! (juii AajIu ЮОШП 
>LjuVI J^JLiSI (ja jib 14 jjJI 
JaijiJ! (juLau :,JiuiVl . (^Ljjill 

— kLfrj jj (jjujjjiil) 
A^uLuui (jjjU Jjxjuj Aula*. j ^uju 

A.N. £*.J*1! >) -SOI _1 


Cleland and M.L. Roukes, 
jjL Nature 392,160 (1998) 


.(Nature jLu ACjuaua ju 
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в 

JaIJj <_yi .4jUj AjjjU AjLUISjjjj^U UaU lUUU j Jjxij 2.16 JSUUt 

.AjSja Ajj jjJajx 4 Ajjlla : JiuiV) <_уЗ .^jjjUa 



У 


.UjI^I £Jjjj Ajjiluu AuiajUj fUajVt iljlui 3.16 JSUUt 
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I J ^^jl Л1 jjj^aal! J.W*n 


-L 


I y = / х 2 <М. 


(4.16) 


:4.16 j 3.16 (jiilUx-o]! J_blx-Aj 


*=^ 


М у х 


(5.16) 


I J ^gjJajxl! ^JaLol! ^J-iajj 


(6.16) 


JLtiiVl ^JaxJ 4tilj& jjjl£ aljijjjuA t 


<j z M v x 
г 7 = — = 


(7.16) 


EI y 

. jjjJ J-obt-o j& E C 
jji j.^i i_al j^iVI ‘ JC *1 ^jVI <OajlxJI Д.^.1 jj цА t u x (z, t) C±i\£> I il 

:r o^ ji4l jla3 l 'ч .^1 '■ t—ijlie bjjij jA t_iljaJ!iU jloOill (jli i(du/dx « 1) 

d 2 u x (z,t) л 1 


e = 


3 z 2 r 

: (4. 1 6 J<ni) ^jl ^ \c. (JLxijVI t _il . да. j< ^ t ^ 

dl - dk) (r — л)й? 8 — r<:/0 — д- 

dlo r sin d% r 


(8.16) 


(9.16) 



. JjU JUiWI 4.16 jLu4l 
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(Euler- — jJj! jjjjla ■ t(9. 1 6) — (7.16) ,jjjhL*-J! 

4-^э jL*J! Aj jJij jc Bernoulli law) 


„ J-.T b 2 u x {z,t) 

М У - EI y q z 2 


(10.16) 


4<jJajlxll ajjj-o g-1 W 'il ^jjc. V J 4_i^.jLk (_£j3 j)-Q jlLiA jfL} 1Ь1 

:^!t/>'i a£j^J1 <UI*_a 


d 2 u x (z, t) 


-E* 


( 11 . 16 ) 


1 jq».^ jjfLj U 1 ^ ^LaaJj 


Е^.=о. 


( 12 . 16 ) 


:3 JUJ1 (j-Q djiill ^La^J L_j\ j^AJ 


E ч. = (n + j^*) - (ft 4f *) = v fc (13 - 161 


I jA $. 1 W ij/ 1 ^ j jc. ^ ja^-q 


v- Лж 1 ЗМу f \ / 1 3Afy \ 

E"« = (и, + —*) - (м, - j-jj*) 

( 13 ғ х \dz ( 13 ғ х ,\( dz\ 

+ ( ғ ' + 21 Ғ*)т-( '"5'эГ г )('т)' 

«.LiajVI ^jc. jjj <ajL*JI Jc. (Jj-jaaj (14.16) — (12.16) Clj/jLxjJ! 0 jiAj 


(14.16) 


ғ 

x ~ dz 


(15.16) 


m = p J oUax-Q <jja jlxll <1 j£ £_a j i ( 1 5 . 1 6) — (13.16) djj/ ^lx-Ul ^l Л Vu j_J 

^Vi-all (3^J Lfc-bu d z j t (^^-Uajxll 1 g » Jpq-Q jA A c<jJajlxJl Д_э1л£ p Clu^.) Adz 


d 2 u x (z, t) _ д 2 М у 
1 dt 2 '■ “ “ 1?~' 


:( 11.16) Я£^>лЛ SJaLxj u-Vi t(z 


(16.16) 
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A^jJI AJ +хл ^Jj ■ -aj (10.16) Ш*41 jjaJjxj]l_l t(jVI 


рЛ 


d 2 u x (z, t) d 4 u x (z,l) 


dt 1 


+ EI 


dz A 


= 0 . 


(17.16) 


^I^VhjIj 4л_Л^)]| 4 _jj^a]I ^уй Л jlrsll Ajialjj]! Д_Ь1 л_а 11 аЛЛ 

(jSlj t J^l£]l JaJb (jjju^-o liA Uju] 23 ‘ 21 (Separation of variables) CjIjUIJI Jj_aa 

(Fourier AjjjjS Jjj^j j U.,.l j< a Jr-_ J.^.^ j (ji]l a j.>ijU1] кд »;;]~ , 11 jjjj]l aajjj UU 

:transformation) 

3 *U x (z,b>) 


p A(ibi) U x (z, w) + EL 


-0, 


(18.16) 


y 3z 4 

'. (J^Wlll ^lc* Iglijlj^ ojlc.J ^j^AJ ^l 

-aWUAz, to) + 8 - 4 ^ — = 0 (19.16) 




A PA 

a — 4 . 

' EL 


(20.16) 


I A_iLjal_li]| Я]^\л_а] 1 аЛЛ cj] 

U x (z, <n) = B\ sin (аг л/ё>) + B-, cos (аг Vw) + Bj sinh (агл/со) + Вц cosh (az Vw). 

( 21 . 16 ) 

jjc (Boundary conditions) AjAsJI JajjJJI jli ij^.~C±fu, jJlj 5JU. ^ 

4*ша11 Aj1^j]| 

du x 


U x ( 0, (й) = 0 


dz 


■(0, O)) — 0, 


(22.16) 


(Shear Jk^ l 5+ J *Uaj| ^jjc. AjI jjOi ‘(z = /) /v^ j-v I I 4 tl ^ \W Л tci. 1 a \ \ \ 

rUjajUJI jjjj forces) 


d 2 U x (l,<*) =Q dUl(l, (o) Q 


dz 1 


dz? 


(23.16) 
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£л iiilli (Л AiUiaj _ В\ = -BjJ Bi = -S4 CMj^ (jb-laJI (jUaJall \_yijkj 

1 Jl (J^JI (_)лз!а1; (jj I (jjla_)JJI (Jjjlaj 

2 + 2cos (alya)) cosh (a/ y^to) 1KN 


sin(odVw) — sinh (a/ v 'o>) 


(24.16) 


: '- 1 ] ur&JA? _>“=■ uU 


cos(a/Vw)cosh(a/Vk>) = — 1. 


(25.16) 


t^LJl (jjaJjxJl JJC. LpjC. 1 g \^k j£-<*J j^lj (_U LgJ Я]^1 ха11 oLA 


p — а/лА>- 


(26.16) 


j)-o Ajxnlall jjjjll diljjjj l-jLoi^. j£-aj .1.2 (Jj^II (^g -Э p, ^j 3 cl^jj j£-aJ 

:(20.16) - (19.16) (jiilcUJI 


_ ft 2 EI y 

Wi i 2 v pA 


(27.16) 


I J ^Задм (_£jj|j ^^^uJa jC. ^JaLo Cjli 4_CajLxJ ^^j| Л1 jjj-aallj ДА1алЛ ^jc. 


_ 

y 64 


(28.16) 


: jA ^uJa jxll ^JakUI AJjJailuixi Ju-ia jlxJ ^jI Л 1 j jA-a^ll . 4uCa jlxJI jla9 jA d du^. 

Ulf 3 

/, = — . (29.16) 

lAjj^JI JajjjoJI (jj^j H-g-iSjla (jx АлАа <jJajlc. ЯЛл. 

U x (0, w) = 0 — ЧО, co) = 0 [/^(L, (o) — 0 -~(L, oj) = 0 (30.16) 

az dz 

IAj^JI JajjjoJI (jj^j 4 jjSjIall Sj^. 4-jJajlc. ДАл. ^9j 


4^,(0, o) =Q ^(0,о)) _ 0 4 2 ^(),g)) _ o =0 

dz 2 4z 3 4z 2 4г 3 
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4_Ja jlx] 4 ijihi ^jlg_i]l . jjUlj 4 . U, 4 1' . -HM 4 _£jl2J JaJI Jjjj j]a jl 

• (1.16 tj jJaJlj t p^- JjiIjlSIj jgJljSI jjC- Ja53 L д]а^. )j i'sja Sja' j "AjjIj Ajjjq'' 

AjUjII (Coulomb damping) e_u A jUlj JlU-jl lilli ixj lSJ^J 

(Complex lS^ ^ji J4*-« ( — Lj*J £* ^ jj jji — jljl JlijUI ^ (^Ь jiY' £_л 

:Young’s modulus) 


Ё^Е 



1 


£?Coulomb 



( 32 . 16 ) 


:AJjU Ajjajlc ЧЬ jjx AjjIxaS Ja 1.16 JjJaJI 


p, 2 

C \f\A ^JU 

4‘‘i Л-л AIllLq 4 j c~- 

I 


22.373 

3.516 


1 

61.678 

22.034 


2 

120.903 

61.701 


3 

199.860 

120.912 


4 

298.526 

199.855 


5 


:aJLoia]I o jjj ч jLjal q~:II aJjIxa]! IJI ^ j ■ _ai 


д 2 u x (.Z, t) 
P 8 2 t 


+ E 



'—) 
£?Coulomb / 


, d A U x (z,t) 
У dz 4 


F(o), t). 


(33.16) 


C_J^jAa] (A n ) Ajl VuxiVl (JUoa ^ U«Oj C^jlill ^ Ь C 14 1 3*1 Ijj 

; AaULLUI I L . ^j)! 


A„ = 


IfoOnl 


MJK- U f +(g^) 


(34.16) 


JSjJj t(jl) (J-j=JI JajJJlj (Jlxjj Cjjb jA a n J (Jjbi] (jjjjll jjjj jk CO n 

.Jajjjj ^l jj S-JAjJa (Ja (JJIjj (ji]l 4 xjjj J£jjJI Я]а1д-й]1 ai^J .(AiJajJI ajJ]l 
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AjjajJ Aulstjj Cjbijle Lfrlitaj 4 ,jSj il+al) tjUU j-UI 2.3.16 


Mechanical resonators as forced harmonic oscillators 


A q'u tJL <Jjoij 4_jJa jLt] A£^)a-II CliV uLx-q <jl j)J J 

J ^^j V aJHJI < 11^. ^ .(Harmonic oscillator) ^^IjJI l_jJJJI 

: лЛ 


(35.16) 


M e ffX + &eff-* = ^(wt) 


ЯЛл. !^k .^Uajll (Stiffness) agluiaJl (_UU-aj <!l*i]l LiiSJI LaA k e ffj M e ff ci 

■ (jUU JjLoj t 4 + ,.п 4 _jJajlc. 


Л/ е и = p+Z 

^eff — 


tfEIy 


p 

I jA 4_]uLt-JI JaJI (jl .(1 Jj.la-]l ^lajl) jlji^VI ‘ij (3/ uln, 

x(t)=Aisin (/£') +A2cos ((S) 


(36.16) 

(37.16) 


(38.16) 


Л iS^J Ul« 


0)0 = 


^eff 


(39.16) 


Ц^|) L-Loj] XoLkj JLa.jj ^ C ^jjLulSI ^JOlkll Clj^ja. ^j]I A_ioi3Lia]I j^BjJ 


24 


(jjajLj CIijIj L_flJ^)*J J^La. j)-Q (^-Ij^jVI j^LaJI L_ LujIjJ 


k = k 1 +i- 


Ч- 


Gcouloinb 

^Ujil c^jl) (Viscous damping) £• jlll AaliJll JLki) lilli л *. j i_5j^j 


(40.16) 



mcoo 


(41.16) 


Ffriction = 7^(0 = 


Q 


- x(t ) 


VISCOUS 


x(t) + — л(/) + «0 ( 1 + 1 тг — — ) x(t) — 

tiviscous \ tiCoulomb/ 


IA ша ASj^JI Я)с1*-в ^ л ■ .aj 

Fo 




лп 


(42.16) 


: Я1с1лл]1 a^J JaI^II JaJI (jj 


1/2 


Л(/) = 


A(cof) = 


= ^(( -p^) +К-«8) г ) ««"♦>. (4316) 

^ \ \ t/viscous Ucoulomb / / 

(44.16) 


1 


/ ( “”- шг)Ч (ё^ 


+ 


(0()C0f 


■V 


G coulomb Q viscous / 

:(Phase shift) j_4=J' ^ 1л.Ь jjl j 


ф = tan -1 


(Ofjdlf 


to? 


Gviscous {cOq COf) Gcoulomb (c«)q COf ) J 


(45.16) 


(^Ic. JILaJI lijni' jSaj t(Q) (High quality factor) Jlc. o-Qa. JaUj ia. Xic. 


4max(t*>/) 



: oj]l 

(46.16) 


1 _ 1 1 
fitot Scoulomb 6viscous 


(47.16) 


JILa (Lorentzian function) <jjJjl jjl blb J£Jl (46.16) JJjLaJI jl 

: ls-44c.I 
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•^max — 


Fo 

k 


Q 


tot 


(48.16) 


JLkJI l Aic. (JjjLLq^ j 

/o 


Gtot — <Д- 


<2tot = 1.73 

^Vhalfwidth 

“0 , пл /0 


= 1.73 


(49.16) 

(50.16) 


W halfbandwith 


/halfbandwith 


(Stretching beam) ЯЬ1»А) AAa jlxll :4akkbU) cj jjjUII 3.3.16 
Non-Linear effects: Beam Stretching 

SaL*j-ujVI Lg_i3 jj£l ojJu-a dlj! ji&l LiiJajjSl aIjLjjII ^LjjSV! 

ciiL^L jiV! ЯЛ^. ^ 1^11 L_iijijll Iaa Aj*j V .^L jiV! jc. Alq'u^ (Restoring force) 
^Li'OUI JaLLaJ-oVI ILb JLkAl (£ .^jJajLx]! JaUaLol (JLjAI j^AJ V C‘ o^jj^ll 
(JsjjjVI ^1] 4-xjajLc. Jaloj LqAjC. ^ . JjL- 0 Jjjj^. dj^Ll^ (jC. L_lL£ j)-o C1 jLjL<Lq ^Ia^JjjjL 

.<L^.! jV! t Qj^'n jl L^Jjla (JaI£ ^Jc. 1*sj C ^jj)^ jj.il! 1_£хЭ ja j)C. jjj£ j^j LS^” 

J_^.l jL (Jijjj'J! Я^э1аа jj£i LaIij c<aj5jjjjq ^ilij AjJ^jLx]! j! ^■AjAi]! IaA 

:(5. 1 6 (J^jaJlj Jal L i'LL/I Iaa j-o ^j^jLl! a aULjjV I aji .ф Ajj! j ^J! 6 AjjLgj 

/stretch = еЕаЬф (51.16) 


ф j c<jJajLtU ^jJajxl! ^JaLL! J_^.Ljja аЬ t^-jJajlxl! ^^Э jLxiiV! jA 8 <Л) 

i AjjjjAi^JI L! j jl! j-Q jLxiiV! u^i^kj .Ajj! jl! J_^.l jVI 


l 


£ = 


№ {L + EL)-L (costj) 


-1 


— I 1 (52.16) 

2 


51.16 l^jJajxj ^JIj 


/stretch — Eab 


Ф 3 


(53.16) 
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,4jaxu AjJajlc. ^Jc AiUauII sjUloiVt 9j3 5.16 Jiuiil 

:^Jc. (J^aa-i (фь ~ 8 (jl jjliuiaJU ii.VI £-0 


г £йЬ 



( 54 . 16 ) 


A/ e ff3 + &i 3 + &з 3 + 


(о 0 Э 


aJU_*_a ^ u^o'i 

= F(cor) (55.16) 


'tot 


Jjjj o jj*j u_a^uj ^ Ja>ull qa ISbUajl jl . кз = Eab/2ML 3 
j-o !s..Ajj »(46.16) ^J^Lx-UI ^Э Aijj-aj-(JI AjjlaLiJi AjjJjljjlll 4-j\,VuxiVI j-o Aj\ VuxiVI 
4j^\j jl j^-aj Clu^. (Bi-stable) ^ j^3^ j! j^LujI djl i 4 j\ Vu^l ^uA'i j^. (JUa-o 

Cj ja. . j j jjII <j\ Vu.iV (Hysteretic) UuUaj bl£jj tilli cJ^*U . jj*-o j j jj jjc. J jl^. 
Evoy l^jU) U^ j-e AjjjUll Aj£jjL£ja1I CjUUaaII ^ ^^UxkbUI ciliAljjUI !л& -Ua^bLo 
jpi (Nanomechanical Paddle) Ajjjli A;5/iK; .a aJje. j Cjbijla J .“UXojj 
"^jjj" jjjjjjxj. (jJi^iLujl (jilaju Sj^a.Vl o-l^J jl j-ii -f> .6.16 J^L'ill jjjl 

j5fj jl Aijc. jll j£«j (jjjfLiUI uJbJiA ^Jcj Clua. c(Torsional) " JUajl"j (Flexural) 

Ajjjlj A^cli 4 . >> jl r. (J ai. Ajjl j jii jl c jixwVI (^ll ^ 1г.Ч I jpj 4 L. ). J. /Jjauj 

t_al£ (JUaji Aic j o-l^J o j^ ~j jjoj 4 ^ "‘V'ill 4j jo. aJU . t_jii jillj (julLall 

.(7.16 JLill) AjCajUll JniuV iaUal.1 Я^Ха 
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(Tunability) uaJjJI AaLli : 4 uIalbUI cj| jjjUII 4 . 3.16 
Non-Linear Effects: Tunability and Parametric Amplification 


JaSi F(cot) (Actuating) JlxjJoII SjS Jl 3.3. 16j 2.3.16 jLjoill jjajii j 

£-a ^jVs * *ij V £-usaj]| IJa (jl .A£j^-]l CjIjj!.1^.\j JoIjjjI cilljA jaj]j j*ji] AxjIj 

(J j^. Ijjxjj <!x!a Ajllllijl <ijc.j JJJC.I ^^Ьа . (Jjx9j!I Jj! jlaj AjjjAI^JI (JI£jujVI £jji! 

л 

aJjIx-<JI c t n^j .(7.16) Sjj^jll j <ajc. jll jjj AC 6 jLoil jjjlaj JJC- Д-АС.1Л L^JjJajlc. 


.26 


^Jj La£ AjlLlijV! <L£j^J! J-olx!! 


O) o 0 

^eff® + KmechQ H ~ т(ш/, 0). 


( 56 . 16 ) 


lLj ЯЪ1*Л J (Jj-aJI A^a. Jl ^^jLiJI (Torque) jjjllll J c. i—iluia. 

:Яз_^лЛ aLc. j]l <^,Lob. ^ T. +olLi]l_i j Aj£Ljjj^^]| j j\\ l—l. ^] Я_]^1*_л 


Т («f , 6) : 


£o V 2 (<o?)u> 

2P 



h + d sin - 

in | 

2 

. . 0 


^ft-rfsin-y 


+ 


0 0 

h + d sin - h — d sin - . 
2 2 J 


(57.16) 


(4_аС. 1Л djLja_)l_x]l ^ +_ (^Jj_<ix]l Igj^ia iA tl + ^5 4 (V. jjl (jj jl jSb h U-i 

j ^jlo J L_Jjkj jl jjjxl]l Ij^J (jLjj .AjJa^jlxSI j ^ +- I . . >. jr_ yv' 3 

:Ял11л]| 3Lj j]| j* (Expansion) 


[( 


d 3 


т(-.в)»«.УЧ-)»||^9, V4№ , 96JS 




(58.16) 


Ajjjl! (jj £A 4 j^JA^! Л <Jjojllj (JjlaLjj JJC. ^JtilL jA ^^^jLkll Jjx9j1! 

<£j^J! ^JjLxa (JaI£ jli 4 4 jM Jjjjl! jA <-oaLuia]I JUaLj .0 Jjjj jj^i j-o J^V! 


/0 + KmecjjQ + 


WO Q. 


E »" , 12P V (ш,) 


(59.16) 
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~Ь (^mech Kext)9 4" 


I 

^oQ 


0—0 


( 60 . 16 ) 


Kext 


d 3 

£0U, № 



(61.16) 


(jl ©jLjc-Ij (jjuiLl jl jjA^U (jl q 1 1 . ii V I LiajaLLo 1 jj*j (J£juJI IJa (J+aj 

S^lui^J ^.JlL (j jjJ (Modulation) ^ сг^* lU-^ 1 jLiJI xil^l! 

+Juljj]l 4_iLlii (JLLj! 1«^-^ (J^ ^J£j . j)A j]L А11 л11л oj3 4_1а jj£l ^aUaJl 

jiic.1 (.У&а . ^^jiKj ^jjLJl (jijjJ (Parametric amplification) jll ^uJaUlj 

jA La U*i*4°I .A£j^J! (Jjl9j ^li]! V A C ^jLujI <лЗ ^Jj DC jj^J C_sLjaJ n*\ AjxjJaj 

i__sLja-«JI j jvJl IJa j-o ^Jjj L_fljui 4(61.16) (59.16) cl^Aju*1\ (jjf-o 

l jjjjll JjjJ ^Ljj! ^j lJL (jJjj U* -0 t^al )VJ1 o^Lui^. ^JU^j jLal K 'll 


& = h _ _^„y2 

/o V Knnech 


(62.16) 


(Paddle d ;iv, j4 сьЬл^лЛ <jc.jjil 2JLaJI J - J Ь .П ^ и Кл.(1 ц ^ cin^. 

: jji-VI j^ill Aijj^^all oscillators) 


Ct — £qU> 


d 3 

12ft 3 


(63.16) 


. (J^xLJi А_ш j^j 4 K -ч Ь j. 8.16 J£juJI (jiJJ 

jljj-JI Jjj SjUj (JiJaj JJC. Ij^xjoj Ac-j3Aa]I J q V. jll CliVjLt-JI йЛА J jj ■'■''■! 

jlajil . i j . .-. tjjjjJI 'V. JLiiil jjb ja . A j V' jJj «“ ua AnUil 5JLiJI j I .j jj£ jil j 

:(Actuating drive) сЬ*-^1 4 »,;.+ Cf- 


T (tri?, 0) = т 0 cos (w 0 i + 0) 


(64.16) 
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(I) JJjUJ ^bjjl 



^ajaII j*>j .DC i-tiJ , jjJ ALlS AjJUijl л11с. j AjjjJU jjUUja! Ajjjjaj j U-vN л 3.16 JiUJI 

.(fUjjiJJ fjS jjjiVI a^jlaJI jj jjU 26 

Ijjjjjil -j-jjj ^gjjLpa Jjc. JajOalU ^Uajll Djl xja. L_fljl jJ J^J djja. j 

Kext (0 — < xt COS (2 g) o 0 (65. 1 6) 


jjlU! Ajj! j 0j l_Li]jj1! !1 д (JLLa-o jA k^, 


l_j jL^lboj ^LkJ! 


28c27. : 




]q uxi^]! (Jjx^i]! < 3 !jjojj ^^.jLiJ! c__Li]jj]! 

: — 1 ^ 1 ах-й]| Aq j! JpA^! (JUa^ 


то Q p cos 2 e ^ sin 2 e | 
T [(1 + <2ко/2к) 2 + (1 - Qk^/2k) 2 _ 


( 66 . 16 ) 
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AjjbtJI (jjjjll 4 jI VuaiI jA 6T 0 Q/k t^jj-ajll Jj]I 4_g_^. (j-a j& (JjVI cJ-obtil 

jAj c jjialL 1 qlaMA LuiS j)jjaiji]l jj jj 1-л (J-oljtJI (Jj-gj .^JaJjuj jll (jjjoill l_jIjC. ^Э (Jjj -цЭ 

. ^jV-JajII ^Uaill j)C. (Jl jjjuJ C0=O JjLII (jjfL Lo.ljc. . ^aPyJI S^Lui^. L-flUjJ £jC- ^_u)L 
LL^jV Lq ^gJl Ь1*3 ^C-ljJJ j)l j)£-GJj 4L_L^.j-<i C.^ _l^.jJ 6 0=TC/2 jjb]l (jjfL LoAic-j 

.к'о = 2 k/Q LqUic. 

ClLLj^ ^Э “ 7 ^j]| ^J^jJaj]! ILa Jl j^^Lojj jjjjJ ^gJ jVI OJ-bl jLil 

j-o !jj*juj <]лДл Aj£jjl^J-ojj|j С^ЬЬЛл 4 Li^kLLa ^xj Laj3 jj^j tS jjj£ 4_if^LS^jjfL-o 
j-ajii (JSjCi IgJ 4 jjj£ja ClAjLjj -й ^^Э <jLaui (Jjxi-o dLVui.il (_£j^. .Aj^Lojj jl£ (Jj3 
ddi^aJ jjUib jjauoull cii^j t^JLaJI ола ^ 29 .(Optically-Pumped) Ь j^ 4 ^ * >U j 
J j^ . AjjIL Sjbjj ^JaJj-uj «пЧ x ji'J J_JI Ij3j-o 6(Jlxi]l (jjajb]l dub (JLxj AjjIj^ 
.Q=110 000 Q=10 000 (j-o AbjAj fijj^JI Uj^LqIx-q лЬс jl 4 Li^LLa 

NEMS -II S jVA 4.16 

Dissipative processes in NEMS 

Introduction Д-аДа 1.4.16 


‘UajS <Jjjb]l 4_iSdLSj-Gj j^dll AuJajVI ^аСЬ tljjbji lJ]J ^JI SjLujVI Cllj^. La£ 

(jjjjll ^gil ^ j]j]| (jli tUi]J ^i) AiLja) Л jill j 4 I'jSll A-iuil x -. 1 — w ]l AjIIc. UjLui^uJ dCc.Ij 
^J^J L_fljjai j jJjuj jjl jj]I CjLa. jl jj£j ^xua 4 _aC.Li1a oJLa RF (JU-a ^Э ^S jlSjAll 
<uJjjl Aj£jjl£jA jjbll ^^Jc. a_i!ia d jLuj) ссЬЬЬ_а£ NEMS II jLuHjV Ujbjlb-o) 

4_Uaii_l a ^cj^-da CjbjJjoLA (jj^JlLaj]! (jj^A (j-o (J£ llb'n .'oCj^. j <3lij (j-o 4jSLi.iV 

!4jl (_gic> 4ijjxj ^aJ 3.16 ^uuik]! ^Э (Jbjl (jLII Q SjjaJI (J-olc. .AjIIc. 4 j jb 'ojljjj 

1 1 o j o j (J£i 4iUa]l С^Э 

- = — , JJ t t : (67.16) 

Q 271 ^jj-all 4iUa]l JLa^.) 

Lujj .j&\ 'icL^. (jjjjll 4jlVui.il (jj£j ^blb tjjSI Q 4_S jil cj^jj li LoUaj j) 

4jjjjj 4 jI Vui.il j t(J5l Q 4_1 (jjSj (jl 4 j11c. Cjjjj 4 jbc. jg hj ^ ^ ^Uail (jS-aJ 

(jS-aJ .Q oCj^Jl (JaU-a ^^Э 4iUa]l Cj^jjI 4 Ч j'i 4 a Cjbll oJC. ^aLuiJ c^alc. (JS-uJ .(jjajC-l 
Q aCj^JI CjXqLx-q CjjbjiLo (Ji-aL^. 4j| ^Jc. ^Ual] Q 'aCj^JI (JaLx-q ^UaJ cLa_j) 

:4jjjill 
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(68.16) 


1 _ J_ 

<2tot ^ <2i 


jjjj l^-l! L_9 j^)Xa]!j <allk-a]l S.2.1 ja]I С1з\_11ах]| ^ Lda^)C. Li& ^adLj L-Ajjuj 


.Ajjjll]l Aj^j'J \)a\\ djli\j_jA]| 


Atmospheric damping 


ci jaJl <_£Ш! 


2.4.16 


JaxjJa]! .IjC. .4_^j]j Ajjjj^. I ^jjjilaJA ^Jj (_£j^JI L_flj\_x]l . jjj\j * *t9 J 

oj^J \ g Joj^kX) ^xa VdajlxJI (Jc.\_9j jjdn t^alc. (J^dn j] jUtJI L-fljx-aJJ t^JlxJl 

30 


:^й! J£U! ojill oi^J .F drag (Dragforce) j^. 


Ftag = (Pi +tfc)6i = Pi«x - -йл =7lfw* - —й х . (69.16) 

0) (0 

(JaIc. L_ 1 xjj\-JJJ yj j! jLglaj (j^AJ * L J 4jJa jlxJ! Дх. jjuj U ҳ c" П^ 

ЛЛС. j! j )a* t/i'lj V & I J^J! j\j (jia! jl^V I • ЛЛ Jj]l J-^.1 J|j ^Xa L_buj\jjJ Y2 j 6 j j^J! 

CllVj-XA ^l Л Vn J-J L^jLui^. j^-AJ ^JajoJ! ^lc. SjiJI j\i C ( lIAj! jla-da! j/) JJ*_x-a Jj]jjjj 

Vda jL*J! l_jjj£ j^aj .(Continuity equations) Ajj! jaIaV! djj/jL*-* j (j^jlm — jjjaL 


6ja]l Я1 х-йх^а JjAjC. ^Jaxj .jjaxj]! \ g j> J jC. (Jsjjaa (J^jaJ jj£J L5^^ djlj^l! (j' 0 


: j ^JajuJ! 



/ r\ 2 , , 

/ 9S\ 

II 

бтт^г (1 + -) - i-irr p gas I 

1 -f- -- (0 

( 2r / J 


(70.16) 


: ^JLIa]! jlxJ! a)U. ^9j • jUU! AiLj£ Po j Jajm ji] A j, пл]| J_^.j jl]l p d п*ч 


P0 = 


M 

~RT P 


(71.16) 


i^^)a. j t<jJajl*J!_J Aiaja-J! AiijaxJ! § jli tt^lli J! <JLUaVlj 


: — J 4j jLa Igil .(Turbulent) JjjJajJax. jUJ! 


5 = 



(72.16) 
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_ Pbeam-A 

Q = «o = 

7i 


: jaJI ojkj Jajjj-oll Q aij^JI J-alc. IJI ^luaj 

Pbeamtt- 1 ? ^ 


6тг|хг 


( 1 + Й 


(Oo 


(73.16) 


Дсо 

COo 


1 72 


irr 3 p 0 


3 РЬеатД 3pbeam^TCI/ 


иэ 


(74.16) 


Jaj)» Л1с> .4_*JajLx]l jjajx J Г j3->qSI C. L-Vl C_JJjij j^AJ П^- 

o Ja ^ljjj . (js-i* J j)C. \ g x>i» 1 Ц Iqiuixi jLj ja]I ^Jajuj ^xa $. ! j^J! CjLjj ja. CllLo! ^lax-a! j пам 
£_aj p &\ j^J! 3-a» *йч £-д Y! .\)aVi]I (_JaLx-q L-LoiLjjj . jLj ja]I ^lc. fij3 CIjLa! Alaj-^aV ! 

!W VjJajLx]! jJa jC- 

1/2 

(75.16) 


/ 32M 

71 “(snifj wp 

72 = 0 


.(Л7 а ,Н29 g/mol) jUJl CjUj jaJ jaJI aJjIII м j jliJI CjjU jA R un 

Uij^JI (J-elc. ^Jj— aj 

Pbeam^COo /ЭТТЙГЧ t Pbeam^Oo 


б = 


__ /9тт/ггу 

” V 32M / 


(76.16) 


-'30 •* 

^ jlll ^Uaj]! jA (Jl£jjV! j! a jjLojj ^jL -i^. j .ViJajLxJ! SiL a p ds 

La (Intrinsic) (J jA jaJl ^Uaj]! J! ^^JJ jaJ! ^Uaj]! JA J 1 torr ^g-S! j*. jaJ! ^Uajll ^! 
■ \)aVi' I Ulujj *mm 2 — S! JLa^a j ^jajc. ^Ual* ^jUI Ю" 3 torr j lO" 2 jjj 

^jVll! (JaxJ! 1 ')n*j j tJaJ^U! Ja Jji ^ NEMS — S! ^lil Jz- itiili Jc. <iLjj ;(jjaJ! 

aiaVJ! !Ja jjjxj dua. clO" 9 torr Л 10~ 4 (j-o ^ j ! jjj JLa -л JaxII (JLa-U! 1лд J 

. j \_ A£A j ! ! JJXA-a 


Clamping 


Jmi)l 3.4.16 


j« 4iUall 2 jAjj <jli . JJ£1L ao'tui JJC. Igj AjSjfla. 'I Aj5Lpl£aJI ^jjjll 

ijV jjV'j (Local deformations) Ai»aJajJI CjU _^J ail j£«j Cjj^. ^c-JI U J jlijJI 
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^ oJj'Wl AiUall ^ UxilY'n t (jnA^yL]! Aklalo Jlic. .^\ (jl (Microslip) (Jjj^J-Ul 
jj£I \ j^-Q-a jjfL V l*\nj . cill^'WVl й j3 L_Jj1Lo £_a (JiLj-Ul jjjLJ! 1л^1 4>jn fijji 
jjj fci^L-o . ^J-<n-aj]l <iiLc\j Яз11а]| ^LjJa ji> j Vi jL-<n Ajli t^cJVl ’iX)L-a oUnj jLiaVI 
SJj> jj-o ^C-lj £-c <L>. jj j-o <jJajlc. c" Г)нл MHz (JL>-o 4j| o j^Lojj jJJJ^jlJjl 

"o ja. — SjL' AjJajlc. ^djuLojj 2 _jl j jj£ . JaJjoJ jjLi — J <JjlLo 30% (^JIjJbJ jjjjl! 

SjL' 4_JajbtU jjjjl! CCjj £JJ J jlaJ й j^,! j (_]£ c<jJajlxl] Ajltiij! CjLaC. 1 j 4 _xjj1 

cilljA (_>п!э tl^_AC.j jjc. AjlLiiiV! CllLjajlx]! ciljani V ^lAj-ajll 1л^_! a > jV'n A_iV j ."Sj^. 

LlLiijl LiLij-o o j^Lojj jj£jj ^аЛУиЗ 4<jLoui (j£jnJ .4-aC.l.jl Ajjj]l aJjj-o LaUa j-o 

.Ali-olc-J jc. (J j£j-UI j\jj-UI jlj^! lili] lic-Lja-o 


Stress relaxation J 4*Y' f IajU 4.4.16 

. jjjjilui-o jiijxjJa J-G jJijjjjj jj'V^ x*n jjj JSiiVI j-e j\-^->yi C-Lajluj! ^cjjj 

tjL]a jjUli -л LaUa ^JjJ-uia £-o ^aUai ^^Э jjULa. j\jjC.\j ci]jLoi]l !3л ^LiJajl j£-<n 
Aj]La ^Э ^aUai]! jjfL i d-g_>! (jl jjUai jj3 .H ^-lijjl (jj ^ij-oj j>LaJ jjjL-aii-a 
\ g »Aj-q j-o JJ*j AjUa]l Cj\jjj-uiA j\i c^g-ajLa. U-giaJ (jllaJ LoJic. .AjUa]| j-o Liij]| 

^ i__llxi]l ^aUaill ^UaJjui! I j\i . LiUa aila-A (_£j^.VI ЯЛаЗ! j ;(9.16 (JLjillJ 

^xjjjaJ j ^Uai]l ^^ikjjjuJ . jjjil AJLaJl ^Jj -la.1 j AJLaJI j-o (JUjj! jj-aaj tH AiUa]l j>La 

. jnllaJl jjj AiUall j ji 



.^UaU AiUa]l Ljbjluna j-Jan лЦ_>1 jjjL 9.16 Jj-uJl 
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AJaVifl lj AS ,ja , jjc- f jIujVI 

j^AAl! j,q ^АУ.а jjc. ^jji CjIjjUI ^э 4 jLWII c-jjix]! ^cVii 

i # )1аЭ ^jljj Luiij cSjjLI! jlalii j-Q JSI V U*4 jLLi jl£ lil . 1 1 nc- j£ jLLj jiljJ jl 

|j| . jJlVJ (jJa* u_iiaUI ^jlij jjj (JlIILq jijU tilliA jjfLioj itillil A yjW . j j-o 

jjjUII Il^J 4 >.}У^ 4_L^M! Cili (Activation Energy) AjJiV'JI AiUa ^jc. ^ J»VI ^j 

L_JaUI ^jLiJ JLij! (jjau 6 ЬСС U J-Q ^ .Ц -liakll CllLijllil L_JJJjJ 'сзАс.\ jj^a-ijui C JlIj1a]| 

.(Snoek relaxation cJjjimj £.\_i.jiujl^ (Interstitial Impurities) 4jj^3 l_jj!jjoi A ii * »1 jJ 
jlaljj l^J jjfLj &j^-j ^LiLul! dili ^IjaII (Interstitial atoms) Lija^il! ciiljil! JJjLj 
o j^. jl! AuLul! ^! jaI! ^l! jill LiLja^l! jli lAjl^. jil! <__iiaal! ^Lii lj*j L.iic. . ^c.Lj 
liili] A^Loui c-Li. jiujV! (j-°j (^g-^ jil! lajLVil AiUa j! .lai j! jSuu .6 jjl-4^11 

. CjLj>UI ь j>g j aHxIaI! 

ljIc^LLIVI A£ j^ jjc- f Lk jluiV! 

(Dislocation Relaxation) jUl c iajn ^ i jAill 

jtgjaJ cii^j ! jl ji^! ^iiij iLjiil^i Lic. ^l^aL а'\\\л (Loop) La jjujI£ ^jLkiV! jliic.L 
djLlg_^.V! jl jA ^ijAjl! !ла jj^V! jjauiU! .(jijl! jlji&lS) ^^.jLi. (_^jj^ 
?rj ^ ksi tilli j cAIjIj Clliiiil! -Lalli j! jiajiii .<1л^_л (jV jiVI J jiuiA ^ jLi. CliVLjtijVI J 
л^-чМ! jS-oj • cj 5 ^- 0 jLiujVl c** п-ч c<jJail_lAl! fijlj^J! djU.jj .lic. iaia 


. JLLxJl AjjS Я_ ixii (JAlij Liaa.V jjfL jl (Dislocation damping) 

cjLm^JI AS j^ jjC- f lijluiV! 

(_^jjj jI^,I cIl^j LLIj LLi SjjLl! олллИа!! ojIaI! (Grains) ciLn^. jljii 
Я -iji Clilc.jA^_A сЛС. j-o A ni -чИ ^jii L_j alLii .AiLkl! ^Э ЛЛп tUli j-o 0 jjjj ijllaA 

Ciljill jS-aJ .(10.16 jS xVtll j diljill LI£a ^_ui£i n-\ jlaLAJ VLaiiA A aI^ua jjc. 
La.1 jV! аЛ^_1 *1^-1 J^. j-® Cllljil! jj^axJ (jaxil! \,g j jj3 J-ii j! A jd AVixtll jjc. 

й f 

A yjW -liii (_5-^-Э ji j-°J ^l g jL A_p jaC. (j ji-lj ш-чЧ ^ jaiil Ajjl ja LiAl-la.] jLij^jA 

jL^ij! 4_iLc. ja (jV jiV! j jLonjl 4 _Аас. oj^_jl .Sja^Jlj jjV! (jfj 

Lq j\^-o ^^Э A nj -чИ ^»jii ?.Li,jiuj! LjLn AiLLa jjSli j! ^xijii L_i±uil! !л^_1 .A m-\ll ^ajii 

. jjjjaniiil! jjJ^Ual! jjj 
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36 


jg j^xa] (JSIja]! Ul]j LaljlA 4 m-s. ^aj^j jV jjV *L^.jji]l cJ- 0 ^*-^ 4_iJb 
lg_c.lijjl ^^Ijj j^l j t^^ic-j/l ajl j^JI CliL^.jJ j^J e-LkjluiVI АаЗ ^l jjj t jj£j/l CuLin^-1] 
jV jjV I j^ajJxJ jl (Jj 3 jj-a^j j! j£aj (jjj^il L^-ljjH jl Lqj "^^.<jaiij jA Ijjjij 
^Ja-uj L-LujIjjj c^^JaxA ^ .^LkjlujVI (j-°j j^jj ijJ^j/l dl, ж^чЧ AiLi-J 

•(^grain = 6t/^/grain) ^ j^ILg l_J jIIa £a (iSgrain) ^ .U.'' 4 ^ 


UJ^J -(^grain= P^grain) ^JJ*JI CJ^ £* (^grain) <4^ ^Uall ^ L-J^Luj 

llil jA ^^JaxA ^»~ч ~ч ^^3 (AE) oA\ia 1I Яз1_1а]| ^LasJ 

A E — ^grain^grain — a(3. (77.16) 

jc. (JilujA Sj^ja]| AiUail ^JLa^J jl (77.16) LLLxa]I jjij . (jLijlj |3j а c' п-ч 

,4 n \^W jjjILq 

AjjL^.I AjjjL UjLaja Ij^k La^i <IxjaiA NEMS ^JJj^jil cJ-**^ 6 jlc> 

j Ja]I J JjJail (jli 4 u]]j ^A . cJa^_A L_J Jjxil L£ J^. (jA ^cjLi]! J Jjj]l (jl ^xi jjj с" 

Ia£a jLolc. (jj^j (jl (j^-^J (Laj^ljllj <^_1 L*_a]I (JbLk ja 6 cJLA-oil cJ-fj-uA (__g3c.^ a^JUaIIj 
.A jalj ojjj-iaJ -LuIIaVI ^ij ^ ^^‘Lj (jl C_ 1~4J .NEMS II £■! j (_^ I JJJA 
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ujj^' — ujjj^j ujjj^ — йАЙ 5 . 4.16 


Phonon-phono and phonon-electron scattering 

j j *£ } ^£1 J)"ig a\I ^-^.jaI! J jlail (jj£j Ьй -iic- (jjjji ijjjjk j\* n\l 

CiLa. J a\ 1^ jl jlAU ^ ч\»*1а\1 UjIj jj jill j)^A 1 . UjIj jj jiil ^a_\l jLo1a] 1 JajuJjJA j)A 

^JI ja. coQ ^ui jl .ia.j "^ . (_£ jl ^>a-\! jl jjaV\j лИл11а] 1 Cljljjjjill ^a (Jc.liL jjl 4_ml! 
tciilj J\ AiljJaVij .J\ iiil (_^Jc. 4i^>*J! 'ijl^)^. 4_a.jjj 4.2 K Jjc. ^jjjJ^J 10^J 10 14 
(JL^-a ^J] (_£ijj La-q i jl J jaVI ^_£-\с. 4jj,jaJ1 UjIj jjVI 4_ia.jLaJ! AjjjjJl s jill s” iVu*i 
CjljjjjiJVI j)A о^н£ Яз\и£ Jc AjjWa\ 1 JjjjxAll A aJ-i'^I ^ ДС ^bj^ 


CjljjjjiiV! jLsti Ajjl jjaI Д£^а. ^^.Lklji! ^bj^lll JL^aII !ла с u-ajau cSjaJl 
1 лА Я£^а. jli jJ ^JIa 4 i! ^^^Jc. UjjSj Cjljjjjil^! jlc. jIjjc .1 j£aj Ai! Laj .SjaJI 

ц$ jLaj coQ \1 jl -^j ^jj^aIVI Я1\_а. ^_a .AiUail ^э 1 j\4l л La.jl !л£э Uj!Luj ^JLaII 

.4.2 K ijc. 5 x 10 13 j 273 K iic- ЗХЮ 11 


ja Aj^jia <ilj£ jSj-ail ajj\_i_A ojl ja. J_a.ji Ajc jj-a ja l $ks-x\ Ljajl (_£jjaj 
(jjUai Л jil£jll jUaj ja CjU jjj£ljl\ Ajj! jaJl ojUVI A yfv ) l_j jiUI j Cjlijjj£T2l 

jiiil ja CjUjjj£ 1 V 1 (j^AJ Aijjiaj (jUajll Ajjj jLaJl (JlxijV I jJxJjoi . (ju^jjll 
JaJJjA jai ^Jc- j .AiUall ^^Э ЛЛи 1 л^£ jUjjl j)A 0jij . j^l (_^J] (jUaj ja Ujji 
j£aj ^^jjJI Q (JaIx 1 \ Ui*Jl <ajU 1 ja jAl jlal! йЛД ЛУни t Д_ аЛ Vhua \1 il ja\U UjAja. 

. jjXA ^aUai ^gi lg-i!] (Jjj-ajll 


Surface-related phenomena ^JouJL Allx la jAljIa 6 . 4.16 

Jajqj NEMS I' -IjjjUU' (jjj IjjjjiL) Uajl^J 

0 JJuUI . " .1 jLajUI ^Ac. ^Jclaj JajUI jya L—l^jillj jl 4uaJau jj^ljlaJ 1_лл J ^a. a 

■ Д 'SjjjiII UjIJV' (jiax j ^ljjal liA ^ .AjU jaj Si NEMS ^ 

jlgja jjajxj Ijj jjjjjSV' Цл “Lj2j (Amorphous) Oji jla V Alfla UjSj (jjaj 

^l ^tja-J Si0 2 — il 3 U . 39 2.5 nm Ujjii <iUal! a£Uuuj ,f.\ jq . 11 j)j£iLUI 

j^AJ (jill Ja^! t^.\n\l ^Uajuill Ajc. ^^эЦ-а] jl^aJ (jj£liJ 131 i (jj^jLUl A \"i*\j (jUl jj^JI 

.Ajj! ja-\l AjjjAil ^Э ^^э\_Ца] ЛЛЭ ^J] (_£jjj (jl 
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1 

i 

O 

сл 

r-h 

сл 

^^eLic. 

3G^ 


Aaxmja 4iLi3^) 4_i3^3 (J-olc* Дт^)1а jjLojj (jAjJ JjL 

al L> -ci Q (J-ol jC- jm AiLylx]! . <_£jj^La ^jj^J^i jL^)A 


— L ( 78 . 16 ) 

3 G^t^AQ V ; 


t Si j t^LJic.j (Rigidity Modulus) SeLoi^J! Хо1*_л IaA Gsij G pLLc. Cma. 

Si02 ^LLx] cjj^J! (JaIc. jj! I jJ^^V Ui] .^JIjii]! (jjSjlxxJI j <jjoi^<J! SjLo]! <£Lqjuj 

(Jj-a^j cJ_JLtJ! fijl^pJ! dAmj.j ^jc. <j! 40jLij]! £ jj£i . Si0 2 Qc- IjL^ c qLi^j 

Aljla j! C_fljjx-<JI (j-o tj]]J ^J! AiLjaVL . jii]l jljjjj jjjjjJa]! jjj Ijjixj jj£! (Jc.lij 
c-LoJ! j! Laj .Si0 2 A_ix_uLJ! AjiiL jjS,J^i ^Jajoi (jji jj^m 10 пгп A£Lajoij ^LJ! j)A 
j^a Si-OH Culc. ja^a <jjj£jj (Si0 2 ) jrU.jll ^glkU! dll£la.V! j-o cjjj 

cia t(Jxa]Lj .NEMS ^! jjSjxn ^з cii]! cjjj j! Juiji]! a LJ-JI o^J Ljaj! ^j^,^)-<J! 

Q (J-alc. ^З IjLjj! 4 jj! jaJI 4_aJLx-<dL ^JajoJ! CIjLjIa ^.u~\j Si0 2 ]! AJ! jj j^Ja! 

•Q (J-oL^ j-° L>Jaj! Cjjj jja. JJ.jg.lL ^JajoJ! £.l^_jj ^ .Ljjij С1з! ja jmm jlcLoJ 

A^jjjaol! CjLjJVI (J& Д-л1^ Sjlaj 7.4.16 

Overview of experimental literature 

AjjjLllj AjjjSjaII SjaII CjLLj-L! Jj^. CuLjjV! (»! j^JI jacL 

•NEMS — 1! Jj MEMS — II j-o jLg-?J! £-* jjj jl! ij c. jj ^ jiaLikj! 

^lc- j-aj^j aAmj aJJj-o ojAlia Cj^.j ^Jxj ^^g-^-jJ CuLLj]! oLb ^^Ac. J-L^ j£]j 

Lj^k a CuLLja c!j j^ia! i JllL! (j_ia_ioj ^^^Jc. t ^_jj jSjaII j-il j'LII jjc. . jjjjL-L! ja^ 
cClm-L! t. — a jJal! Culj ^g-ul! j-o ^cuCal j (J£jLj ^g-lc.! oCj^. (J-Lc. (Contour disk) j-ajal! 
^xjL (Jij tjxj-a! jjjjjLLq Ajc. jjjjILLI оЛД ^jc. Alm-L! ^ jlA aII o jJaJjui L^jjLq 
Q' 1 = j-o cJL-o! Ajlim AiUal! jj^ij (Threefold decrease) LmaiLj ImJm aj^Lojj 
5-7 jlajxj c60 nm a£La-uU CliLjm] ^JajuJ! 4иа-11_ХА ^xj Q 1 = 1.24 XIO' 4 Jl 3 x Ю' 4 
JAij qa 60% — j l. '>u~Vj ^Jajqill CjIjjjIj ji ^jljjll oilA £-jJij 44 . 10-80 (Ш1 J jlajj ЦШ 

jl*jVI JjajliiJ .<j]Lc. >J. Jl ^ 1— . , „ <jjoj jjl j <jjj£ja]| CjU jjij]l й]л <al_la]l 

Aljia (jl ji .ru^VI jj^j jl oj^jLjjj jl£ t(Jjijl ^jjal .NEMS — ]l ^AI Vjjua j 
(ji 200 nmx200 nmX(l-8 цт) JijJA Jauil AiUall JjAjj ^^Ic. jjaJuU ^ji-l SjjiiA 
AjiiiaJI Aj*jj]a]l j_Q a£Ij]I jj i J LaIuj ~^.Si MEMS AjAl jiJ ojjij] jjj&Li_iA]l JLa_A 
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(jljjAll Sjjak ^Ic. A_i^2a-uJl L_Lii*J! ^ijll (jli i^uJalj (JS in ^^lauill ^ii]! l-l^J 

cciili ^Jj AiljJaj .(Jj^N! (JjLulxJ! ja~n (_jJc- A^i^JajuJ! jAljlall <1 алА j^_j jUajVl 4-a.jJ 
Laa c jju-fl! GHz с)!-?“ л ^! J £a ^jla. aJ& iiil! CjLJV 4j u*)J! 4_iaaV! i!iJJ j! ^xi jJj 
.AjjjLJ! AjS/Kja'I djUUjJ! ^Э i_aja. AjjJaS jjJaj-<J! j)A (J«,~4j 

**•>•*» Sj 4^V! t 4 NEMS _Я JaISS 5.16 

Integration of news with quantum electronic devices 

^Jl J_aLaJ! jA o jjVia!! Jilijll 4 a)Vi! ^э NEMS S! jLojj! ^э ja.V! (j.w'J! 

4jfLijl£jA 4_nJ ^JLjJ! JJjjI! Cj!J 4£jaJl л! Jj .Aj1a\£j J cAijj J-QJ tJ-ujLuia Jjjaj CjLJ! 

j^aj . AjilaJ! 0JauJa ^Э <ij^_uJ ^jjJaj l-la, Aijx^Ja A Jj*-uj SjLuij jj jSja!! (jji 

^э t, ij-aj La^ . J -иваэ! $. ! J ^a^ij j! ^ii-JI j j^a!! jjjjSiV! Jja ^jajaS!! ja! jU! 

(Single election Tansistor- ^ jilJ! (jjj&lVl jjJuijj!jj ^. w'uj tjUc. (JjLJ! Jxmil! 

ciljluil! AaJ*j . jpXA JjlC' j-lxA <L-aj jJC. Clll, W Ui!! Jij ^Э Aja jaS Ajin SET) 

^ic. j cjjLjjjiSjV! ciiLa ja] Jlx3 JSui) jaLai! Jij A\kf\ ^Jc. (jiil! <L-ajl ^j\jj^£J! 

Jjijj!! (jjjiSjV! jjJuijj!jj jAJJaJ . ja.Lai! ^Лх -aJ ^jill (jjjiSL iiajA Jal_Aj! ЛЛс. 

JS ui) Д-а jLLa <L-a jl! Jax^ LaAic. Lia jaS 0J-aJ jaLaJ! J^C. A j^ ui!l Jlinl (jl <iiia 
Ла. ^Jl l.la 4_*J aiaJA AiUall Jjjaj ^Э CliLiiuiLuia. *i j^_ajM оЛА Cjjj^Jal 47 46 45 .c_fll£ 

— !1 JaI£j 45 .1л$£ jlg •>! л^э1£а11 SjIU! 11.16 J^-uJI jjn -/10 5 e *\/Hz ' a * 
(JAa Cjjli CjjLal jV ^ilij ^Jc. JjjVjll 1 Лс.1 j I JJJA 4-1 A jaSI! Cjjl j jJuj jjl jil! ^xa NEMS 
(jljjA jjaja. £a SET) rf SET — !1 JaI£j oLajb JjU ^аЛП J-uaa. Jil . (jj jSja'! (jjj 

.4jSjjl£jA cjjLjLj ja £_A 

(_£Ла] cjlxjaj 48,49 .NEMS-rf SET i-^.1 jj uUuil^l UalvsA 12.16 J^juJI (jJJJ 

J jalij cCjuJA Л^_а jLia-jl AJLa. ^ С*п*ч j jljjAll jji SET 1! 4 j! jj!1 l V'iSa jla. j! 

^xa (Jjia^LIaII c s 'ijJxi-U! ^-*-uJI ji < sj^aII . a j^s. Ljll ^э cjjLJij ^Jl a jSjjlSjAll Д_а! jV! 

JaIc. IgJj C0 t = (LC S )’ 0 ' 5 (jljjj Л jj Cjjli Aniaja. *ijl-j (jj^jAJ L cjlanj tSET — !1 

AjjLal <lALa JiajA jjjaj (J ja. .SET !U A Ia^ a AjjJa jaJl a jl aII oU *Qt £^ja. 

^ua'i t|fijii_ua ojlUl AajLaa c." n^) jjjjl! Л^С. j c jl g >H (5-!^ v(t) ^^.jaII (Jjlall 

Aj! jjII t, V'iSa jjaj jAjJaJ .SET 11 R d AjL-ialijll Д_а jUaII JjUi (^A 4 x<.iSa jjgill c jjill 

(—iiljj (jjaj Jllij tAjljalijll LajLLaI! ^^Э Cjjljjju ^^Jj (jLjjjdll A f\\ jl SjaI! L^jaJl (Jjaj 

. A uiS» jjgkll ojLujV! а^ЛЭ 


616 




(jjLi 45 j-^jaSI jjijulll jjiL-'ijll j;V jl*J (jlj^laJI 1лД RT2 j RTl j Aljajllj 


(jj, Nature 4jLuia]| ACja's л jyi 



lLus. if J '0. S j -л SjUjoI JJjj ' V- 4AiU£ jUaJ (_5 jlil jUU j'j I jjJl ]a«j 
i^^aajll SET — Sl jIjj j-o ^jUII АаШ1 gja. .>i jVjjc-VI jj*j jjiil j ^2nf<coj/Qj 

:Ш*1 Ь 


Ьх = ^2е < |/ S d(OI sin 2 (it;0 > Д// |< dI SD (t)/dx sininf >j (79.16) 
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<La! jjU 4,\\\хь^\ A-jjgjl кй*\\\ j-uiaJJ . I— S Jx-Qjil J-lua-Jl j)A jLilS! jA /§£) 

16 m/ V Hz jILLaj Д_а! j! A-iuiLuia. jlja.1 <jja. iAiLjia]l оЛ^ -j .AjI jJI Л^ ~n ^IjJ 


AjjLo tClujJj]| ijaj-jj-a AjJajlc. j-e jj£a jlg_a ^ij ojjLojj ^.IjjU! jLuj! 

A^ ja-o AjjjuiajxA Д_а! jj ^l,w n,iL jjjjll Aic. jILqj SET Sl AjIjj (__A jlaj 

aI^Uj IUja iV 0 л^_з Lua jLUI jLpujl jja. 51 .(13.16 с!^]1) (Magnetomotive) 
— c_fljj_^aA jLj Я]Лд_л SET J AjjLJI A W Lll AjJajLtSI A^ja. J;j*l .i__Sj£a]I ^^^ic. jljiij 

4 W Lll j j jLLI < SJ^aSI L_Sj] jJJ jLjaSI i_a! jV (jj j^j j-uaaj . j jLuj jjl jjSI jAx-a-o 

Aa.1 jV jjLLI c__sj£a]Ij i A W Lll AjjujLui^. A Jauil jj Aj-ujLua^JI .lj.laj (jjaj .AjjLLl 

1лд ^aljS! jxLI jj . jlSj-aSI jLj-LI ^^ic. SET iS £^.lj]l jxLI jI-iLajj jLj-LI 

jj ~^.Ajj£jAS! ajjjai! ^^ic. Л^ -чИ iq*n LqAjc. jLjaSI ^^ic. 4 q))axil SjLI j-o ^jL 
50. £^.1 jSI (jxaSI ^tJauJaJj fi^.1 jLI 0 _ia-jJaJ оЛ j.Wa Aa.1 jVI A_LujLuta 



j£j-a AJail] X AaIjVI jLL .SET J AjjLa ^nmll AajJ ja ALajLi S jjj-a 13.16 j£<uJJ 

t , AjLjSI 4_Jajt*J! (JaJsjj .jjluijl! jjJ! jjC jLnSI Jjjuj Aj jLaS! 4 lau jll j-a 4_Jajl*i! 


4ам,\Ц \\ Aj-LL i l 4\i ду\\ (ja (jiL 51 ^jaI! j-a) -SET 


AjIjjj (JjIaj JlUL C(x) 

.(AjjuaL! 
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. jLj ja] 1 4^j^. (JjjVjI Aj£j£a]I jjjj£]^l Cljljjlij ^al Л Vnul j^aj 
L fLijL^JA biij LujIaj A'\kt.s-i) ^аЛЧ* uJ ji]! iS jiLj]l jLijL^j-o jj^ll jjljjAll o j^yLajj 

73 -lic ^lii-ujjj o jj£j l3j^ aju! jiil jjSjLi ojjL ^э jlijA]l 1 ла ji^, ^ «Lij-o 

jj-a .4/\nl%0 a£jjl 4Ja-uil jJ djljjjj^]yi (Jiij cAijiJl ojl ja. 4_a.jj .licj MHz 

A^IajoJj 4.5 (1ГП (JjlaJ AjiLijA AjJajLc ja jj^A jl_g_a. oj^Ldjj jjjjxjj£jli \*‘nW 
jA^aJI (_£Cjjj£ 1I (jjj dc jb^jl (Jjjlaj (_ 5 J^J ".(jj^jjj^ll (jjj 2x.jjJajji 0.5 цт 

^1лУ'ч|| (_JJ^. AjV ^Uaill JJC. j-Ljil jbj JJIJ V .AjjJI s-liijl 1лл 4C_ajjjjuillj 

^CJJJ 1лл ^jjjJI (jljjjill Jjjojlj t _J jj_a £±1л d la ■ ul jj j jUj] jjjiij Jjc .dc jLlijl j a. 

^iljll (jjwijlj Ld jjc . jlj jjill Jl c j j"'5IV 1 jll c (jji j_j j jj£]l Jjjjjjl Jliijl <jji 

7 pA jl jLu jLj Jl Ac jj^ -71 cj jLjl .^jliill j j j'~i5 IV I __a 4 Jj]| jLa jjj i . j j . 

jjji (JjIjS jlSjiVL jU liil •«■Ij^ll (_^э 10 (jjLuj Qj 1.7 pA (jj -Ь jl ^j^jjj JjILo 

10 19 g «'jl ^gic AjI m (jLoj Sjijui 4 1"i5 1 j j 1 i q . : .A1' jli 4 100 Hz j«-«J jjjjll 
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.5.2 kHzsjjs <_sA^j JJ j5 -Lc. 

LjjJj I dul£^^U : jbi -^ШГ NEMS 6.16 
"Botton-Up" NEMS: carbon nanotube nanomechanics 

‘"'L jI -иЗ' S jLijm Aje. jjj <j]Ic Cjl jjjli (Jjlii NEMS «Ijj ^JUuJl А\қ^т\ JA j\jAJ 
S jg_a.V jj^-VI ^juAi'l .Ajijji^lV! Ajjx^iill j Д -ij jjj^iyi ^jjjlil! ^iJl ^cujLi j - 0 

AjjjfLl* 2 _jL-aJ cjl jjjJjuj \)\я °l Ajjja clljl£ JA^ jooaa. Cj!3 AjijjjfUl Ajjx-aJ 

l-Ajb\j]l jc ^lil! jjjJa]! j£]j . (jjiLUl (Jjj\ j'^ll cLul jaj \ g jj~ 4 Vi ^aJ ^jiilj ^Jajuil] 


jLqJJ-ujI (jja. UjjJj .AAi 


CjlLniaj]] A_L\£ iic jj 


CjIJ o 


j^.1 ^Liil jj 


(jj^. лаЭ & ja.jA (JSxVn (JjjViII j i AjjViII oulclj ;Ал-]\л_а 1] AjwjUI ^AjjIja]! AjjViII^ 
.jC-uialjj]! ^jlil! ^xJAaiill (jjljia ^JLaal Ajaja^]! ^^jjll U_aLaJI jj ijV'ill jc. ^ \L"lll 
l “ ))")) ЛЭ ^^-^Jajoill (Jjiuajll j\i iillLxJI il C- yill Cj !3 Ajaja^II ‘ij^_a.VI ^cJjU (J jl Jj]\j 

fijlij 1 \ 3-а‘У 1 CjlajjJai ^^Э GHz (JLa -л (js^ AaLVuau j AjIjC. NEMS ^LiiV Aja^^Lq ^аЛС 

jo ^Ja-uJl j-o AjjjUIj Aj^Ja-ui]l jAljia]! j\i c^LajA^U JJJa (J^-uJ .Aj]Ic Ajiila 

l" n-\ Ajjjjj^]VI л! jaII ju-ajkj ^-aJa-ui]! jjx-uj]l tlULa. .AjjJaUl j£jj ^^Э iJ*W 

c^-aJa-ui]! JlxijV! (J jiW.j iAjxifk]! Cjj-uL^V! (juli (JLujj 4 4 Sj ju jA LftS 4 jj jj 


•NEMS 


MEMS 


LiLLo j sUI cCjLJLlJI (_Laj a JjLJI 4 \ . -с H . 
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(JjIaj ^jI jIa J£^ J * ^'1 ^c^-i]! (jij' ^j^^l ^ jUJI jjVLM ji jJ 

Aaaj ^Э 1 g x>jx>)..ro"i (j£aj (_ 5 ^l fijUa jll j j ja]I (_£Ла AjAaj jjc. ^лЛахлИ (Jjjuoall jc. A^j 

J_ij jjjill Ajjjlall t—iijljVI ^a^ij t Лла . lllaj-a V I Aojijl (jj 3 J 1 ih/i (JjlV j-o VijjU 
CjLujI jJ Cjj^Jal .оЛт (Jjj-ajJ (j-ajU-o^ j AjjJj-o AiU£j tll^. IjIIc. £JjJ (JaIxa 
TP a JUa'I ^ ^jjj JaI*a ji jj 4_ijjU Vhj jl ^ ^ ^VmjVi j ^ ^iUjIaj 

c^JajoJI AjIIja CjU u'j Cjljjl^Aj aAg£ 4_ijjU ctilli Jl AiluJaj .5.0 TPa JJ 1*5 

• RF CjIjJjj Juc. oj j^JI AjIIc. CjLmjj (_^ j jj jl (j£aj J>J (Ja ^l 

*! jjaI tiljLj j j>ihu cill£j^.l JJ (Cumings and Zettl) Jjj j j ^VijaS jUJJ 
алд cjjoi jj .(Multi wall nanotube-MWNT) jl j-i*2! ^^*ja jjli mjjjl j-o j ^'u 
c^jjiall CjlliLallj (Jjjlj jjIja (Jj-ajj <x3ji ^JJ АлЭ^Э (Jjl па!1 (Jc.!_9j]I (Jji Ac. j-q'S-qII 
jjj AijxjJa iUIS'iU й ji <Lc.ja^_a]I lIlLi^N .A_mjUJI <x3jill (jA ^ jl_Vl] 1 g i*\ ^ij 
rnl jjjLH] A ~4jVl A_mjLiJl АлЗ jSII jAjJa <C. jjoiJ L_l]a]| (j1a£jj L_fljj_u 4 ji (JAj .^il jlll 
AiUa (JxUIj 1-^VlAj L_lla]l jl ^fij^Uajj £_jAj L. j]jj Jp (j^ ^J^ Lp 1 j i"ia!I 

oLa jj^jj Lojjc. .(jjlAllll (JUjL/Ij (jiiUI (jj* *. -Tj jjc* Jl joll ^Jc. bjjj Liic. <1 a\£ 
.(J jV^I 4jl_g_j]l ^JJ jjjjj ji j)A j cLijJ jj^£ AiUa Clli A Liq'i jjc. jaj Iglli 4<x3jill 
.^jJVI -l^Jl £^ja ( 5 -]J ^ U*i llb jjail-JA GHz (j-Q (J- 1 a rnkll jl jjAU !ЛЛ L* 1 Hti"l 1 

(jjjlj i__j jjj! ^gi jjjjl! jj ^ 1% jI^^aj I j_iilj j! с jjUijj jjj£ j un^ 


<ii£ Ujjii j! ;800 amu jI-i^aj AjiUiaJ а! j£ (jiljj SWNT jl-^JI -i^-j 
2j^i> <Sj£ j^^iU ^glU ja (j jjU l_j jjj! jA UjU 6 jjUajj (J! jLUj jj iVuj.iI . .im jC 60 
Я -ijjU l_jjjUV ViiaVV o ji L_fll jVl (^ Wia (j^jj jl j^AJ .JaUjA ^l JC. jU..^ LS J^Lj 

lIjU j.i j j Vjuj! ajjUojj jj З-Ч^У . j! jijjoiV! VUUj AjIVuuI Jajjjoi]! jjaxj jAjJa 

djl l'll'lj jLaJJjjjU j^AAll jA . j J J jU! jA Д _1 jjU LmjUV (^_i_uU_uV I З^А l\\ VllaJ-UJ J 

. 4-jj_ul ui^kll (^Jlc. ^jjj^. (jj-\A ^Lij! vUaOj-uj 

Lm. j]jj£i jJjiaJ L_Laa Ajj jijl Ailij djli A aJVi! ^i o j^.1 jUoojU ^Uuoil] 
ciilALvjNI олл> Lliljjlaj]! t j£]j . (jnJvll а1Ш (JaI£j 1! djUjlijj iili J (^Jc. (JjjVill 
.<dol£j Aj^jLj 4 aA f/ 1 g'lU-oj lIjI jjg Vill jUmjU IjjVI ^ajaJj_u ILAj iCjj^. Ji 
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Questions 




; ^ ■ ■ ■ ' ' 11 diLij jVI ^_з з! > " '1 L. . . ^ *■ -■ j '1 j^ л j L-v 5/ л 

ilOO nm IgCajCj cl цт Ijijla Si “bJajUJ jjaikVI jji jil 33jJ jA 1л — I 
VGaAs — II jji <jJajl*JI JjUljoJ lSJ^- III Cjill (Ji.--!^; IJLa ?50 nm IfriSLajoi J 

? JJ.UIVI ?SiC _si 

J ц\ J jijjll Ajc. 3lL<j Ajlj tlOOO aj33 Q J-elc- l# JIjjjJI jljjjJ 2 

jLLuJ J. ; IJLo V4 jl 'J1 Jj j^Jl J1 Li j\ jA |_л .F 0 = 10 nN JUaAJ LjjLj J j aji 

. jiilj VjjiLJVI ?GaAs Я£ j^JI 

ClljiiL j^JaJ jljjALU jUaA (_J I Aic. .I# JljjoJI ^ Si II 4-Cjlc. JJJcl 3 

% # 

Dj3 (JjluLJ \.^Q. VlC- (Jx*Q*4 ) J^2UI tlljUI ^ jl (j^jjil VaAl^UI JaLkLVI 

aA VuiiV! oj3 A^irk^U! -La\ ]а‘УУ! 


L_fljjoj ^jj]! Q \ (_^jj^aU! a ,ojq\! La . I# (J! jjoiI! Si \! ^uJajLc. jfic>! 4 

jjxii J ( jjj j3 — jjjj3 j*» j\ AaujLuj! oUax-o J J-^- jj'^\ A L»U!j jj£i 

Vjjjjill -jjjja 

jauj vi\! jyj ^x-Jaj^illj ^ajojj j! \$ 'iS^j Д_^.\Ил CiUf. jl jj£i Ajblii ^jis! 5 

.Д_ 1J jSj\x*l fij!j (j-o J„U>»Vl\! (jfubO £3j-0 (^lc. (_^-j jJj^ (_£ jjLj L_1 Jfj! j-Q dj\jljj-Q 

?йЛл.! j (_)£] ^jjLola]!j У jJ! ^лс. 


^ jj j^l! jjLjl! l_j jjjV! U j-q jfc. (j j^.! "^^.Ic.! — 4jjj\j a ^h'i! У\^д Ja 6 

4_ic.jj di!i 4jjj\j diljljj-Q (_)л1£л] o^c.!j <j-aja \x>ij! j! \g i^Lj 

.y^-Lxuj <\xjola Si CjUU j* ^gi! 4_fuij]\j L^jjLulqj La\j! j-o jjsLj ? jLc. jjjij Aj]Lc. 
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jjoiC. 


4, Л пК \A fljS IaII CjLu^uaJI 

Micromechanical Sensors 

( j*;j. ■■ .л j . jj. j tjjjjLuDj .£.t_i 

• 0.‘mn tJjiuiSjj t ^ttiji/l 4*->Uj £jjj (£ijV yjbjj) Jjjujl 

Introduction клАа 1.17 

4-jj jSj/dl AK/illbo jj£^l! ^aJajl! ^ ^jajll j§_ui 4 jjj^iVVI jjjaxl! (JvIa. 
(Nanoelectromechanical- A_ijjjllil 4 f\} \ \ Sj * j j$£jl j (Microelectromechanical-MEMS) 
ЯзЦэ k* lUa'Vi ^jill AiHall SJLjAa. jjjVi £jjL* ^ic. Д -ujjoi jjQ C1 j\ u,i^x> jjlaJ NEMS) 

MEMS S jg^l AjJ-ij jjl .4 jSjiKj^ll ja! jJall ^Jc. jjj^ cJS /jj juuxj j 4 jSj'iKj^ 

c" жТп <al*_Al! c L^lL jS-L ^jSnKj^ll diKj^J! ^ic. J-uuai juQ NEMS llj 

"jjx^l") ^-jjj-Q c" m'Y'n <alxoJ! diLjajlxJ! j! 4 ((Cantilevers) ciiljjLjl!) ц£л1_^.! 
Я-олУК jl l"i! ^ 1 - 4^11 J-^jLmi ^g-bl! dal Ь ciAjjlil! (_]£Ш .<klxoJ! A_uJic.V! j! ((Bridges) 
— Sl (jui JajouVI ?■ 3?JI (Atomic Force Microscopy-AFM) <jj£II SjsS) Ajj^s-a J 

I! ь j^-^-l cjilc-jjj ^JLo^V AjjujLuj! c-Ljj diLjjl L^_jl ^^ic. LajLjIc.! Ljaj! j^-oj .MEMS 

NEMS —11 J MEMS —11 oV J^a jp. J з ИлДи jjSVI NEMS —II j MEMS 

LajuM jjLj ^ji (j-° Cll j\,jSL'i dllj a jg_^.V! Jg J*>'i i^J-oL-ajil j-o Д.С jjj-oj ojjj^ Д-С. j^*sx> 

tJ-Llj^jSj tJ-LLjj a (Stimuli) cii! jaL^J diVj^-a IgjL^i <j-al_k cJ^-^ J-LjLo L^jL !л^. 
juu Vi jL 4 ^_ujLJI j 11*ч^\1 Я -jjg *s^ jj^Jj Aj-oj . aJ j^-ujj jjjLj CllljLuij 4-jjJ^.j 

^JjJaj-O c"nK dlLol^-O 1 g iLj- 1 ) лЛ jj\il Ajj^uL! jjl jjli 4 Vu-Ojjilj £_jjjua_ll! CllLjllo 


('i P. G. Datskos, N. V. Lavrik, and M. J. Sepaniak, Oak Ridge National Laboratory 
and University of Tennessee, Knoxville, TN. 
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MEMS ]! cjV l) - 0 oLjlill ^_jjj j^-oj « a i'&A 4 j'i^k \ 

?лЪ\\ 4yfv iS .CjUtull (jjj^j tdjVl xA'iVI ^J C(_^Jj-jij 1I jJjj-ajll ^ AjiuLajll 

Дх. jlLdll CjLui^Ul Lju ^aJ (Ll^ jl Jj£j3l j ^jlxll ^Э 4_ali^-Q S-lC- CjVL^ -л ^Э l"nwll 


CjL^^II j-Q Q jS"i \ a <Llc. Cjj^Ja Jj t^juLoll (Jj-va'I A-jjg ум\ Ja^3 Aj^LlxJ! оЛЧж аД j 
L1() .^jLJ! jl jj^J ^lc- Ajjj-q Ajjj^J! j AjjIj^jSII J cAjjbjjil! 

JaJ^-o]! CjLLajjj-Q jjaxJ j£-oJ ^ MEMS ]! CjLui^ -А ^J-a^- £■! JJ Uolx]| S jJLU! 

1_л <UjiaJ Jjjj jl (<Jjj^. j! JjjLiaj^ j! tAjjlj JJ3 4j jjj^ cJLaJ jl Ц^-<^ LS^O 

jl JJ*U1I ! j^_S j^-oj c> ' U^J ^jSj'iIUjq jjlj jl A f\) jl^JA j jfLia CjV j^-U 4 jSjlSj-Q CjI jj-<jQ 
<х!х-а-о]| ^jl jj]] (j£-oJ tj-aLk jS j‘i)j .(J j^.1 jl Ajjj-aJ jl c4jjjjj£]| (JjLuj J^ (J^Lij 
(jjbi ЯЖ -q! lg_S ^jjll (Read-Out) Я_^1 j^LaiVI Ss.1 j£JI (JILujj (jil jj]U UjjfLi-Q 

(Jjillj 1() ^Jajui]| Cj|jlg_^V CjLuU^ 1 g lW^ u' 10 6 (^JI 10 1- (j-Q djU^ljl 

jjC <xjj jU j ^^cAjj! j^JI Cjjliijjllj ^ 2 , 23 iCjU^Jj]] J 21 ’ L t jxual! Aiilal! Aj^jjl^j-ol! 
l$£ jLj j! 6(jjj\j]| (JjULq]| (j-Q o j^_^.L/! jjIjj^! ^x-q Aj! cA_iaa! jj£!j . 3L22 ^.I j-q^J! 

Ljc. u^AJ .(1.17 cjljjJlj cjljjj^]] <jj! ji^V! -ULojjU L^jLuuq Ilu ^fLjl^j-ol! 

jj! jjl <^jL1q]! 3jjj\j]! Aj£jjl£jJ! cjljLjjAl! jj^i jjSja'I jj» k^\W jA jjx-Q (jjj-uu 
4 Laj^k a'I Cjljjj^]! £_a 4j]c. jlaJjuiA jS j'i) jc.lijj l-l^. ojjj£ Cjljjj^, l^j! ^_]с. Ajjj^ja 
.(Readout Components) Я_1^.1 j^LuiV! S^ljU! cjUj£-Q j! I^j 



(Hz) ^jSll 


j! iijjUi! ^ jloj .iujjaj! (^jjI! ^! NEMS -J! ^! MEMS -J! <> JJ^! 1-17 J^! 

Jj^ajj! (jLo-oi! j-Q t j jjlli! (jSnKjall ix< u il ^ .1аДЭ CjLq! jC j" jj°i AxJaj j-a Aj]Iax! Aij£ ЦС jj£j 

.AjjIjjAV! AojjjaJ! JaLojSf! lj! JJ jj Ц-а AjjaLq ^Uj jV! Ajjli AoajLuj! UIjj jj ^J! 
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Я£Цэ MEMS 1! djLut^ -л Vj! (Jj -лШ !лл j£jj 

^j !-iii*j jj^! Jl£*y £л (Analogous) ^ j! jjljj J^j (Transducers) 

^ajjokl! !ЛД Jjaj (J]>Li "jjolL'j "^jlj" jj Jjjxj]! ^,Wu»l L_fljjai . jl£j j! Jalaj ftjC. j! 4 Aq'i 

lIujjj]! AjjIjj j! cIujjj]! Я_р1л.! <alx-Q cjLjajlxl c^J! jil! tojiallA e jg_^.! AJVm 

£-<a t"MEMS" JJJXjl! *п J (JSxiiJ ^,1Vum Uxi iJaJjaJjil . Jl£jjV!j ^l *ч V 1 i qI'Axi j-o 

Aj j x^i J! ~ A j j jSj Л- a jSj i\,S j x> jj^ll! a j cNEMS IK c A jjjIxj] j^*j 4j! 

-Ajjj£^!-4 jSjiKj^ jj^£]! j i(Micro-opto-electromechanical systems (MOEMS) 
cjlxn^^l! jiaxj] a. jjx-o с 1 а!_хио 1 jjjxj] jjAaI! ! ла jjjj j! (Bio-MEMS) Aj jj^ !! 

jaU^q Aajj! ^ic- jjK (JSx'jj ^ftjoij]! ^jj jal . A jSj j! Sj ^jjIlq diVj^-a ^Ас. A-L <q !I 

(Figures of $.bV! djLaiba (l_j) t^oLj]! j Jjxja]! ^ j_i* (!) :MEMS — !! cIjLuu^] 
л1аШ! MEMS — !! j^ ji&l! j! Laj .cjliifkjl! ( — a)j ^j'uAil l (^) anerit) 

Jjj^j JaUj! елс. ^jc. (jjj^L jl j^Jj (Multi-Faceted) CiL^j^j]! Sj: 1*1л Sj^! 

. IgijXxxH ^JJLia] (JJjSjxxl j^jxl! j-Q Kg X> \f. j^. jli ciil U\\ 

Mechanical models Дл%Л%а 51 jr jUi 2 l 2.17 

CLlljJjjj ц -'UI j-s. iMI CjLuLd MEMS II t ~' 'I ma . л t _ 'IU-j jl jLaj 

,Ал1хл11 Ajjlilll Cllj ,jLJl (Damping) 1д1 • : -" | ll (j-a jL-ai. ClVUll j-axj J J t jljjll 


d jiiL^. 



JaJ d jjla Jjjij j^ijj ji 1 g aj jjlj J AiUall Jjjaal A «'-A . CUl] 2.17 JSjJI 

jl Aj jjjjll ulA jLojII jfr (j-lA*ll ixui jaII AjxjjII ^jlc jluuC- V Ь jSuu . ~ ji lA 

iajj jSju .lilij jl I ISl . •• Aj iiuaj Lal , j aU jjC- .. ’ ^J| jLuu jl t jjijll JJjj _,J‘ CIjjxjII 

. JiJ d jilau s jjJj LLuVI s JAs jj JS 
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(Jaj CljljiLiJ ^}£аа 11 Jjj) yJI (jAjJ (jill ^iUall (J^j^j CjUlT is^ ^jlill uj 

цС. (_jjjIL<JI JajujjAll 4j» уЛ ^lc. jl.A'lC.VU j^AJ .2.17 (J^l ^juJa ja ^j£. I-jljLujl 

LJ c (Jj,i*ya1I (Jac. Ii^'i ^Jj jLUj cJ tjjijll jjjJ is^ CjI uj»' J l jl Ajjj \ \W CjIa jjJlJI 
(jiaj * j V Яз12а11 Jja-A (jl (_gJc- (Static) "(j£Lu" jjjjtlJI j£jj .\j\jj jl L&Loj 4 '\<\>.si\ 


Jajj j^aj .(Input stimulus) J^UI jflLa. <^i jj*j jx tiiljA jl£ IJj Vj AjaJaj cjl£ja. 

4 q\"i4 a AiUa Jjjaj CllL^ jJ jljjjoi j <alia-A (Ja.J CjljiLaJ ojjjj JaUjVI fijA (j-o J£ 

^lc. <aUaA Aj^jLa. uj5 (jA ^Ujj jl MEMS — il (_gi CjIa jU'ill j^aj .(2.17 J£jjJIJ 
(^Э jl ^jUil ^Jajuj (_Jc- oUja <L-aLiA Cj|jl_g_aL jl (AFM CjLoia-A Д -JLa. ^Э La£^ jiLll 
dlia. ;4 j^j'iIUia CjUULa LujLujI (jjjjJI Ja-<j ^i Ja*j ^^jII jlLJI jjLuia-A jj .4_la.!j 


Aajlil 2u jaJI Ja-uj jJI j-al ja. ^JJ AiLjaL/U 4 4 qJ» а\1 4_Jj£JU <al*JA (jjjjJI (j-ajL-aa. (jj£j 
(j* (Analyte molecules) <UaUI SjLUI cjLuja. jl JIaI ца ^tjjj 4 ^Л 1 а .(Viscoelastic) 


.(jUjUI <1 j£ jUjjVI 4 >/Г^ 4_iiij jj ji (_gi jjaUaj JJ (j^jj Я11а. ^ jliL (jU 
l^jl (__£-!£. MEMS II Cjl ила JJ SjlUVI (j£-AJ C(Ja.jJI Cjl j^La. <*jUa (^Ic. jl a"icL/U 


(J jaj JaLjl ^i ^ jlill LUj .(2.17 JS j'ill^ Ajjja. jl ^AjjLajS jl cAjjUjj3 CjLuiaA 

Lajj jl й jjoiUa J ja-Ul Aj£jjI£ja ЯЛа. (^Э jijJ jl j^aj ^ ji J£ j^La. jl j)A AjUail 
cjljA . Jj"\ а11 (JjIIUI (^Sj'il SjaII iajoijAJI jjUj jl Jj 3 CjV Jjbi Sjxi jl Jjalii £ulaaj 


a jl jjaJI A-UjjIUjaII Cjl jl_g_aVI JjjUU (IR photons) ^l jAaJI jjj CjU jj jill t_ <aUS j£aj 
(jl xSLiil JA <jl L/l .(jjJjiJI (j^aU-allAl AjIaxI ojjoiUa 4 _a_ni£ MEMS Jl (J-^-a ^Э 


ojljaJI Aa.jj (^i jbjjVI (jA-uiaj (_^-lc. MEMS c. Q Ul j£j IR CjUjjji c. L : i£ ^jU 

Ajjj jaJI yjUlUI CjljjjUJl (jC. t aU£il Ulajl j£aJ .IR jjJjiil j-aU-aliAU La 1 1 JaJI 

fijjUall Cj^lc-lijll AjjI jaJI Cjl jjjUII 4 ~>j'L MEMS CjLuia-A <Jajuil jj AUUaj£ j_i^UI j 


jl AjjIjajS J jail j AUUaj£ 1I ^l jj^jll j£aj tUljUj .Ajjj jaJI jl jjAVI CjUlAxi jl djI jall 
.4,l"iSll (JjaVi CjIjjjU jl ^Jajoiil jLg_aj jA tCjljjij j)A A_ajU ojjoiLia CjULaj-ujl d 


Static Deformations 


4 i£L-j cjU jjfiH 1 . 2.17 


й jUjil (jl*"n i4_u jUUxa j AjjUj^£j сД -ijjLa. ja AjajlaJI (j jall c__jUc. (JLa ^i 
. jl^aJI ^_i jijAll ^Sj'iKjaI I jl^aVI (gradient) ^j-IL c^jjIiL jjc. (J£Jj 4jjUJI 

jj-oj !Яа1л_А 1 Ag 1 C (jjj jl_A (jA (jliaUa (jA Д-С j'u-oaII jil jjJI 4 (JUaJI (JjJjuj ^Дс. 
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jc aUi]l fijjooll jj .Sjl j^il <UjJ ^Э djl jjx' j]i 4 ~ 4 j'n o jjjIiI 6 jlalli -л (_£jl j^. 

J£j1j ^,w"ui jSj ; jijLiall j. 1 aj (jjUi ^jxi U_£ij (Strain gradient) JUijVI ^j-L 

ClillLujj-ajal] (jjlaii! ^J-ilill j 3 jj t JUIaII Jjf^j ^ic. . CIjIjj-u j-q jjll J-aC. I^xo ^Э c. V'iSa 

AjjIjjJI U>jUt (JJJjil jla 3 4 . UjUj й jLjC. ~ jS uj J-aJJ Jj 3 jA .)ъ\л\\ ^.IxU! ^jUjII 
Ijgi Ac-jILq dji-U^xj ^Lw'ui (JJ^- tluHj .ajl jUl <Ujj ^ jjxj ]1 jAx-cil 

j^x-JI <jj\jj]I Ajj^-aII jj| jjll IjjIj^. Aj^JjuiaII Cjlil j^jVI £-£jj] ^ij-^j]l 


^Jc. jjuujj-JI c.^jli]l ^ajujj cAjjjUIj AjjIj-qjSII CjLui^-A]| ^ic lg_ajjlajjj 

JJS ‘JjVl -(2.17 cK2JI) SiUJI J>J3 ^jja jjjIJjju (Calorimetry) AjjxjuJI 
Jja-a J U jl jlol £-л Jial jjJI ojl jjJ Ajxjjj (Analyte species) <1L_JI ^l jjVl -U^-J 

jjljl! ^Ja-uj ^Jc. <UV JjjIjajS AjIaC. C 1 j\jj^-a AULill ajl jU] jUj tUlis .iiUall 

AjjjjsU! jl jj-aVI CjIjIaxI j£-aJ 4 j£lj .^ikJI o.lU]l jja. j] S jj-c-c Aju-abk jj£j jl 
Aij 3 jl! ^l jlVI ^jSjiISja'I cjjULgUjfl Ь-Цз 1 Jjjj jl Aj'mll AjjIjajSII djjlc-liol] J 

^g-ueaU]! jjSll CjIj iju» Л 1 а L_fljC. jS] .AjjIjU! djljjjlj]! jc. JiSI Aj]j\'a"u*)ljj o jjujLia 
c" iV'il (Jaaj Ajjjij CjIjjL j a bji AjSj jia-uj ^Jc Ajjillj AjjjjaJI CjI jl jIaVI jl 
(Jjxdjlb jll jj]l J j! jj^Ja j-o (JjjJa jj j (Jj 3 .^-Lxuil ~n ^Э Л Ag a Cj! jjxj 
jjjIjS]! Л i-iu.il jJ A-UajVl йЛА ^Jajuil djUL^U ^Э CjljJxlil iu-uljJ (J j^. 4 (J jjSjaII 

^gjJI ASjjJall сЛА ^Lw'u U .(l mm "ULxJ^ \j udi <iij]l ^ljlVI CjU ji'nll (JJbUI 
^Э djl jjxj]1 ^ ^cjjUjj (jlj^ jjjj. 1 ^ ^ ^tAuJajlxil~c.\ Wil 4 jVq i) \j]\c. \-£j]J jLuj 
ti]]\jA Uii ^jL» ^ic £^U 11 4 ." 1 Vl CllljL jl jIa! 4 ,yj\\ A'l V uxiaII ^iajuil 


WuhaII Ajjjj]! djULgU^lj jl jIaVI i-ujljJ djJ^. 4." П"\ jljj]! j-G jU 4. au-a 4-jl.VS 

a 1 lc ^\ jjjJajj .(Colloidal Systems) Ajjjxi! UUajV! 4jjj]aj Sjjj^ij UUj£ 

(pi$il) (JUl jrLiijl 4^Jajuil j\_gU dj! jjxj A^ljj-cil iAjjjxil jAljJall ^Jc 4 Ag aII 
jjjj]] <Ja3U. AjjU.! cljliJa jj^j jl (Hydration) aaUVI Aixi (Hydrogel) yJUll 
jAljia]! jc AjauLujVI 4jj\uujl jj] jl£ jJ ^.cU~c-l jA il ^Jajui! Л1с ^^kJauill 
AjjIjajSII 4jj\,u.)^ aII ^Э o jj,W a CjLajflaj j-aL-aj-oV 1 J j! jIaVI jC. A-cUil! 4 jSj'iISjaII 

l^jUjLuij ijjLU .^uujIj (JS j'i) U.L 1 a AFM ]l cj\ ^)~ч aI jjiSII ^LijVl j j! ^ij 

Ajjj-aj]l Ax^lj]! ^jV'um^) <ijiLi! Ajj jSjaII jjljill jjj£ (JS di) 4." i^ x*i cAjjj£U]1 
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jl$a.l Cjljjij] ^ giJaJ l jjijll i— iLjibi (Optical lever readout) 

•mN m ' 1 

jA <j3jla .lal jl . ' j ) ^UajS А1а ^IjjJI (jjLJI JjiJ 

4^J (jjij .Ji^jjjuJI Я11л-й]| SjLa]] -LJlc. (Affinity) Lill ji.VI Ijj Lajjj tLnmj (_jjLj 
djl jji."illj <JjojLojI ajjj^aJ ^^JjJal jg]l ^JajoJI ~l ^ L tHjl_)ji,'ill ^_ic o j L.j . .11 j£jiJ 
jl (^JajoJI (Jc-liij) jl J1a^\ CjLIaxj aJojj_>a]I (Gibbs Free Energy) SjaJI jjiip SiUa 
. J L. I' л » II ^_ic ^Aiiajll <jLx. v j' I _L<JI jjja]l jclijj (j-a L-sallxiV 1 CljLlLaxJ 
i^jSj'iISjaII AiUall ^Jj Д -LLajSII Яз11а]| j-o ^jjuiLa]! (JjViIIj ^uujLuiV! ^J-ajaV! c-LiiiujLj 

Д -jjl "s'uiiVI jljiaLM j-o Л 1 Лл]| £л AIsIjIa MEMS ]l UjVj^-a j! ^ 'тзм A_i]VI оЛД jli 

j3jj Я -ixjj .aIjLuJI j AjjliJI ciilinll ^i J-ox]| l^jl£^bj (Responsive phases) 

jbjol Л)дх>11 j-o i j£Lui]l »1 WiVI Lix>'i (Ja*j jiL diLui^ -л CjLI-s'uhI a q\j4xi ciL^Lla 




JjU A a\Waua — 4-Luiluj j-a Jjjj CjUjjaJ jljleV ^ybjjflAJ jj-jjj 3.17 j£-uJ! 

Ljlflljj ^jI! 4j iULII jljlaV! ljUIaC- ^yjjj]! ^IxuAl SjaJ! AiUol! jjajli jli . L-JtiiU ^ Uaa 

.^yjjj]! ^JouJ! jl^! jjaliiJL 


LS& ^ uaj jjL]l jjj U-Lulc-lij]! jj£j LoAic. J-xi^bLo j!i£VI jA (JjV! ^Oj-ajJI 
j jj-a l" п*ч 6 3 . 1 7 cJSijll ^Jax-o AjxjJa j]| c ЛА CS^ (JlL-a^ • ^-J^-L-ui jA I jla I g л\ 
Laj . La j ^g. ILia jiL ^Jc. 4 _ajsjuuia aLuJjuj с1з! J j jjj ciAjj^j^J ^jIjajSII jl jIaV! IjLijLiV] 
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t^inl! ^Jajmil S^)^il AiUaii (jua (jjailil! 4 ii> J jJ cjlLo LjjILUI jl jLaVI ClAjUc. j! 
й jlc. ^ jlajaiil (JxoJ 4 (_£ ^)Vl CIjIaK) . ^Дп\1 ^Jajaiil j_£a.] (jjaUVlU 6 ^lc. Я1з1 j!a СЗ - ^ 

jJxlJI j-o ^jjJ! ILb L_fljxJ .Ajjljj-oVI Cj\j\ < Q»,li 4_aniK (3.17 (jLuiil jlajlj JAxuil ^JI 
AjL-aVI Я11аЛ ^JI ^Jajoiil AjjILaI ^JI SjLujVU tJaC-Lja AjI ^Jc. ^JajuJI .jL^a.] 

ju£! CujI£ \,aK 4ju£! Sjj^ji! AjjICjjVI 4_iaJauuill o^aJI AiUail Cllj\K LaK . *Uaj)» a.Va\I 
j)-Q jjKII .LLlaijll Ajjl jj-oVI CjUIaxJI j -й ^cjLJ! ^JajuJI j_£a.J ^ jjxlll! AjjlLoJ 
^al^VujU ^LiSj ^I^IV jl jlxiVU Wu^ia'I CjIa ^ jJiilU (jjSC (JLjoJ ^ijjll cCjVLaJI 

^ I^jjjjj (Jj 3 j-Q UujLujI 4 qjUUI ^i^Lxil (Jjjxj 

J_ 6(l-\)) 

R 


8g 


Et (1.17) 

j-olx-oj (j^juil^J Vjjui ^l jjJ! (__gJc- LaA E \) c £^ljLjJI ^)jj^U ^)ia3 (. L-aj R 

CllUL^a.] Ujj La^jc. .^JajuJI clg_a.] jjJalij jA 5o J 4 c.^jL1! JKLajuj t 4&jj£^)il 
t^jUJU LjjlLo l-la. ^LiSj CllU^Ua j-QjJa jl AjILIa VoC.U ^ jlajuj (^Ас. j! jUoVU AjV1uj-q 
jU 4 1 . 1 7 LULt-U! ^! cVIujU . jjujUrfO Lo .la. ^J] jA 1.17 LJ jLx-UJ lia j jj\vJI jli 

(JLcjj .^xi jlU! ^JajuJ! U-^a.] ^j-fillSI (^^Jc- ^ j j)-Q jj£j j! L)Laj ^iUl! c.LaJV dilxi jjI! 
l^j! ^ic. ^JajuJ! U_g_a.] ^ di! jjxj J] JJ j^-a ^JU cjUuia-A cjULviujl jj'vj L)Laj tjjjj 

. (Jj-\aW ^g-ujjj^JI (J£joJ! jc. (JajjuiA (JLcjj c-jUaJ! &c.li£i (_>J-U 






^blxui JJxj LaJc lilljj .4llxus eJbu AjxIuus uJljl^x) AJLaJ ^U,b4" 4.17 jLuill 

ц 5 Jjj .AJlxJI SjLJI >1 4 unllL ajjii AujLxi AUula ^ju» jj£) £y» jjSus *jUaj jJUI 
' A J л< " C£*iJ .fjUail ^lijj) >1 AjLxjjuVI jjL Jauuj jus AjIxuUI ajLJI ujLujx jjj SjjLlUI 

. ujIjusj! jj!I j CJLjjxJ) j» , jlc 4 _jJxjuu ujLjlLs ^IJxluiL 
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fiAjii 4 jALJ <iiLa j)A jjjSj J^l A£Lajoj Jj C-^-LaJ jjL (jAxJ LqAjC. 

1 gWjxjj >11 Cj!aI^.^U >Liil ^LjAjll jli 43t4 ^4il^-Ul SaLUI >J AjjgiUL (Permeable) 
djbLc-lij jLiic-VI a^VL .aAjli j!i£l jg L»j jl j£-u (4.17 (J^jiH!) 4 W^^ll *iALLI 

jjLil! uilj^il ^^Jc. ^ i-ajg a A_iil с. L^ij j£-u ^AjI VixTJl jjla -Lxjj ^a ЯИа-лИ oaLLI 

• (4.17 (JSxUl) ЯЛа-Н! oALLI 4''iVLn c-^LLail ^liiil j)A ^jL ojjjjj j)C- Я -^L 1 g‘^x-a) 

<.j\ cCi! jaJ jjIIj djLj_j*JI ^ jb > *ijjJa-Q djLjllo ^IaVuxL Ia$£ ^liiil ^j-aS'i j£-u 
j£-aj tLojAC. :Я1Л~Л oaLLI jjlj c-ijLLai! jjjj c-i^Lal! ojjjaI! Ajjjj^J! j jiil ^jjin 

>1 jill ^LIajI! ^jij tAjjLj^£ll (jjill j ^(Dispersion forces) S n u : ГЛ j ji jjj*j 
(S olvation c_jj!aj1! j jij <(Osmotic forces) AjauJallill j jil! j <(Steric forces) 
lij La ^^Jc. aLqjC-VL .S>uJ! ДЛ^-Л! aIjaII AJa-ujljJ c-i^Lail (J^.L SjJj-H! 6 38 forces) 


<jli ;(Gel-like) ^LgJL Ajiui jl Л-а <jl >с. jjLll <jL>oi1 l L-o j Яас-1Ло jj£ 1 jl£ 
^jLLall >!а JaiuJail Cljljjijjjl aL^_^.V 1 djljJxlilL tajJxiAil (JjUI оАД Jajj j^-u 

.>>! 

c jjLxja) AjjjjjII 4j n J1 ^ jJajuJL <L-a JJ^VI jA (5.17 (jSAjll) ClilLill ^Oj-aill 

jljJailU > oAC.1 j AjS Lg_j! C. LijAa. 1 g j\c. u_flj*ji! (J ja. ^>11 UjLi^LlaiLj ( j-aj\ х-аЧ\1 

lHjLuj AjjJJjII jljlaVI oAA j)A AjAxII jg iaj ^.MEMS dj\ xxi^, a\ LjIjajS n^'un'l ^>11 

J оад ^-A с->! jill cjlil jaJl > .(Molecuar sponges) a»JI djL^ jLxiVl 
La j c^JajuJlj tJajuj ji! UL-Lc-lij djLll jjj (5.17 (JSuJI) 4 \\*ч а\1 oALJI (JjS ja 4‘iVu*ia\ 1 j 
Л U^a й aLq - (J jijjoiA djljLc-liji! AiLlai VI -хЭ bLjaj CIjLIVI оАД 0-qA (Jg,x*n 38 .^ jiajuJl j)JJ 
^Jc. (Jj-uaaJl j^-u Ajl CjUjA UJa_x-aj .jgjLll ^>aJ ^ jSjjl Sja AilJa >j 

jlaxx) >£. ^Lii-uiA CjLj> Cjjjj LiAjc. >L djLLUuil > Jj£ ^>jjja AjLJ CIjIaLAjI 
cciili >с. ojlllc. . 43 45 l_iaa 11 jx Uc.L ^jlaju) (j-o Vaj (Nanostructured) >Л1 AjjiL 

>L (>1 Jajljjll ^Jjl ja AAC. >a. (JSxjj) Ajjii AjjLa 4jjj 1I Ajjjlill лЛ VjxxiVl j! jlal ^аЛ 
uli jjl jill ujli! jaJl jl j)A > jlL .4 aII aALUl >j LgJ j-ua j Ajjl£-aV AiLc-J (jjAj 
Lg-xi jj jU V a£Ljuj jii^l (Hydrogel) >La abL& cjliUa jl А_т11 AjjjLill djLUall 
AiUJl JcSfl JaJI uj! jjAiJ j£-u лЛк ici-Lc.! 4 j11 jLxjaI! ^aLuII ^Ia^j-jL aaaj 
.< il_Lail Jaliail AJaLuJJ LuL Aajju jl jjLii Дз!_1а (J ja-o j\ (j-Q 4_ajLil! 4 jS jlSj-Ul 

JaLjjl (Jc-liil Я1э! j-U! AilJail UJjjJa (J-uaLaj ^JaxJ JjaLi-Ul ДЛ_1а11 ^^Jc-Vl A^Jl IaA 

. jjLill ^Jaju) ^^^Jc- Ci^liill oAA AAxj 4 \\*ч a oaLg - >ja 
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^il jj CjliljaJI jjUajiut) Ajjjjjj jljJal ^JLaJ ^JaJaij jj*a 3 5.17 JUll 

jLi, „'l JjjU j с^цал UI j .ia~. jil uLlclii jjLJI jjj 4 lLa, 4 j| jj»j 4-iau *j Ajjjjj jljial jj) J 


U^jLk eJllaj AjJja. CjIJIJjAI 2.2.17 
Externally driven and thermal oscillations 

CllLilAA l^j! СЗ^" C-lj^-ll C5^ ^^L]! ЯзЦэ CjVj^-a 4uaJI_*_A j^-GJ 


(Jjka_l SjLj ^l Л Vu*L ^jLj-L! l$£ jLoj 4_Ia^jLo jj£-aJ 


-Lalijj Cjl j 4_i£_jl£_Lo 


A5j 3^]I Jjillj CjLoilLd]! jli ttj]]j ^gJ! AiL-iaj «Ajj J j-sa jl А_1хлДа1_1л_л jl tAjjLj^ <JjliLo 

<] ^il! j ^Ujlj^ cuuiuJI j~4 x jillj Jj\j]] 4_kJa jC.I_g_j-o (J» ~ч'| LjjSLia Ля u-ojall ^jljjl] 
CA x*i^kX>\ j^-aJ ^ f- 1 (j-°J . cJ^lj^l (_5-Э fijj-ua]! CjLuxu^l] AjjjIjj]! A£ja_l! (Jj-a! (jji^j 

. l^j jji j! A_i^.jLk ojLj ^х-л Laj ^jLj-L! 1~ia \W (^J-oju jl ^jL]! 

^^jjl^j-o jLjJ <.f 0 6(jjjjl! jjjil Vjlc* Lujii 39.17 AJjLt-L! ^ l^»"i ta^c.li£j 
<а1л_л]! AJLti]! a l'i^ll -Ljj j^aj .*! j^l! ^_ 5-3 jj^L! ^jlii] ^^ljJ! uAl'i^ <. u <aj» ^ ^Lkj (jj 
jA п c" п-ч <.m 0 =nm h AijLL! (J!A_k (j-o <.m h AjJajlxll ^jLt-L! $. jaJ! <L£ ^Loa-L 

ClljL ^ L \ j 0.24 j j-qj Ях>)*Э n 1 (jj£L 6 (Jjla'uxi-Q ^jlL ЯЛ_а. j • (j, **i jj& Jajoi J-O 

46 :y^UJU (jiuljll 


k = 


Ewt 3 
4 L 3 


(2.17) 
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JJM U ^ L . t CW J c^U'' 1 £ 1<а jj^-A ^j]! oJLaII 4 Cjja]I (_)а1л_а jA E С1з 

cj£d cj^ 3 ^^ £^^! jj]l cj' 2.17 4Ь1 *а] 1 cj^ • (Jj^'lj A^LajuJIj t^jLll cU-^U^" 

A_LujU*)*4 jj£I J jlaVI £^jljj]l JU^j 4 ~4j'n . jiu-^al <jjJajlj dljljj LgJ cjj^j] ^uCal j 

ae-LuiaJl С1з1 j ^j| jjll j)li j]]j £A .^^jjjll U_g_^VI С1з1 jjxj j 4_iiIa-<J! Aia-jlaJ! c^jil! C-^W^ 

c c 1« # 

0 _ia_utfa]l Lg_i3 Lxu 0 _iauJa]l ^! jj! £_lAaJ jjLj]] 4uJajC. Luajl 4uCaia-jAll (StiffneSS) 

"^с_аЛа" jCj-^a <] c_^j! J^J! ^JaJa-A jj'j^ ДЛа. ^Э £^jU c u' uj ‘^u'u^W ^*’ ^“uhaII 

Ljjlja. A j VuhaI! j Au^jLjJI С1з! j! jjAV! C-JLLa -А L-JjuAjjj • X i*th(f) U^ 3 ^' cUj'u^* ^J> xU-a\ 

IAjjI jaJl AiUa]] ^^xjjjjI! jCaJl £a £^jU <UajL*J 


2 к в ТВ 
nkfoQ 


(3.17) 


300 ) AlllaJI o jl>JI “C-J- 2 <^А T 4(1.38x10 " 3 J/K) jLajjljj JuUi jA /г в ‘liA 
Qj t^iUll jjjjl! ccjj jA /o tcu^W^! cj!^^ cU a U c ' B t^AijiJ! Sjlja. 4_a.jc cjc. K 

cja! jj t3. 17 a]jL*-a]I cu-° ^rJVuj La£ . ^cjjLui Ц-иаэ AjjoiaLiA cjja. U^!) ^CjaJI c-UL* 

jjj ^SjaUjUI JUjjII A >jViS j «cuu'u^! gU>*^*" cs^”! U^LSa 4-Uaia-jA ^JLj o^Luia. 
^jLJ! С1з! j! JIaV t/ t^gJx-al! ccjjl! jli iJaja-All Ajj! jaJI AiUal! j 4 jSjiKja1! ^jLJ! AiUa 
Cjl ./o CcUPU^! CCjJ cjC* Jaja-Lo cJ^C' 1 . 1 Sj^ij u' U^ -4 ^ ^JaaJ Cjc. Ujlja. A 'iVuxiaI! 
AjjljaJ! AiUallj 4 jSj'il SjaII AiUall cJU-f"! Ц -0 ^CajUl! 5/) 6 CCjU! UjUlii cJLUa 


47. 


: JA 


</o=~. 

A 


1 2Л/АГЯ 


jr\e_ 


(4.17) 


AiUaAl! dUiiJ! ^э cUcjU 4.17 aJcL*a]| Ujjj .^jUl! dljljjAl cJLLa jA A 
Jjjill Я1и J oaallu ‘A/o/Zo u \ •/> ufJ 1 4)'J5 ^ ^llij Д/ jjjjll 

.aUU >41 JUll 


4/o 

/o 


12 жк в ТВ 


kQfo 


(5.17) 


cUjlja. ajljA ^^jljj] cjUaJU-^a 5.17 — 4.17 cj^LL-U' (j! U* ^ц]' J 

CCjj Ajjljiluj! ^Лс. c_5-U* cUu'u^! gU>^" U^U La^LaxJLuj! UCaj! cjL^-°VU cjU 
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(jli t ^э ^j\i ‘■-Л ДЛа. ^э \ '^nLv aIc-j . LiskjUk. o jlLoll ^jljlSI 

^jLill jjjjll jljilujl ^эс. j^ijqVi vjl 5.17 4.17 jjjljLx-A]! j-a <л^_л a ~njVi 

. j^A-o (JUa>a ^^_]с.1 £■* AiUall (Jja -л SjLsiL ^gjjV! oi^. (Jjlj^JI 0JauJaS! UjIjjjIj 


.AjjUsuj AFM Cj\ ■> .i-> >л Ци ^ic Д^аЛУиаа ЧллЗ ij-4J AjjHj £jj| jIS ^Jlal 6.17 Ji-uJI 


Fabrication and Readout Яал! j^IujV) S* 1ja2!j £лоа uil 3.17 


j-Q Лс. jlx-£3-<JI j bjLal A^LIa]! AFM ]l CllLiaia-A ^al ЛУ Ui.il L V'iSa J£Uj jja 

;^il j]l ^Э ^ 9 .^jLj ^Ic. ViIia dj\ >axi (J ja. CjLa-jl ^Э jj£Ujoi]l jj jjj j-o jl JjSjUI 
j*)*4 aII CllLajjJaj ^jLjll Яэ\_1а UjV j^ a\ VixjJJj]! Ajjjjj]lj Vlujjl^JI Cj\, JA'\a\I jj 

б(6.17 (jSxaW^ AFM II ^jljj] A^Lola o jjo-aJj .AFM ]l ^Э 4 Д j J-i - q \ l с*\\М <^j\_uia 

jj jjjj jjliLaJI j)-o MEMS jjLh^^I ^jliS! Яэ\_1а UjV ja-o Яс.\ u-o SjLc. (jjaj 
£^1 jjil <j^J j-aj]! Jl jiaVI ^ jl JJJ .5 |Ш1 J 0.5 (JJJ a£Lgoj ojlc. l^S jjfLj ; jj^jLoill 
4 4 ) \ \ CjjIjj LujSj (jsl jj j 500 (im 10 jjj jjs-JIj AFM — II CjIIiiLj J 

Sjjjjjj Cjliaij Jc. AFM — II t— i Lu> j i Ac-lijj э ^jii .0.01 Nm" 1 Jl 1 jji Jl jjI! ^jic- 
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S.li^. ^LujIuj! Sjlc-Jj tLJlc* U.LijJj tAuJaikiA <il£j (j-Qjj Aj.Waj l-li^. Л"\\'\а 

С1з1_Д1а11л (jA J-lsLJ ^iil C.“ \Я U^l J AFM ^l ^ll jj ^jAxWl (J J^. 4(j^lj . AWjLI! j 

Clilajjiaji ^jjLJ! AiiLLa CjVj^-a Я]1л. Ljj^. ojS Jj-Q Cll^Juua! ^jllj 4(JJX-Q (jjjiaj 

U_ajia ^^ic (jUj ^J^J SjSljJ-dil djLojaiil oJa JjJJ (j-o A ii^bLa jl£V! . (Jxi^.a'1 

.<jjxil ^-Lauuj ^j (jjl jll (Jjj-aj A-ljL^jj ^jiLl! 

L_JJjjj JJ j-o i ^LJl iilia (J j^-a£ i <aix-o 4l j jfLiA Ajjj ^JU/i'l j j£jj t 1-л jaC 

. ^jLjll A j ~ч >q j AjjjL^JI CjLjbiil j a£Lajoi 1I t ^JI jjll ^^ic c j.wj jjjAjj CjI j Li-v j Jaj^Qjjj 
(J JjSjaII (JjXjuJjil ^^ic jjuul^ilj ^jl jjJI (JjA <iixA ^^JJ ^jjj-aj Liilc. Axuxj tj-aLk (J^jj 

L_iiujjjj Liilc J-a, Wu^iaII ojjjjjuJI diliajj (j.wj l^jj .j^i^j jjliLm ojjiil ^ aj^i~n II 
^XuJajj OJJJ^ ^I.Wu*)L jAi^,j jj<lj\x,i jjjL Jilij (jj3 jjllLoJI jJjjj (j-Q ^Jjjjj <iiia 
(Low pressure chemical vapor deposition- JaxjJall j >>w‘)a\ I LjLaj^ jji»iV! 
^ jjj j j_g_^V! jjajijj (j^A j ;LPCVD — II & JJJ^ 1 -^JJ^ J^*J £-*j *LPCVD) 
. jj^jj Lo^jc i-^-Jalj CjlAjjujj (_^^jj V 4а'ж aII ^nJI (jj С*п*ч з ^jjVI a-W Jj J_g_^.VI 

^al , Wuil (J jixil ^-Lauui! ^^ic (jj^jLuil .Ijjjj ^LoiC lajA V'n jjLil (Jl^uj! .l3.Wj j^AJ 

.a, Wu j .(Reactive ion etch-)RIE iaiull jjjVI j j a VIj Ac.jj1a Ajjjxiall Lal jc. jlill 


^LSll -l3.Wi Aixi (_jiL-il ^-Lauuil (^jic. (jjfLiLui! jjjji ^^JjjJail ^э! jC- jjj-lJil iaJ 


jiljj ^ljjV Liaxa (jjfLiLuil ojj£j (jlllAjj Lj^xj Jjjj . j jfLiLuil <lj£j ^-LiIa V (jjj-ili 

С1з1 jjjjjuj (j-Q (Jljj ^al.Wuii ojjlil j^i^. j Ajj jIiLuj jj! jj ^Lij j^Aj .I^jIL 4_ajI£ 

(jl£-Q (J^ -з Д -jLula (jj^jLuj 4_iiia (Epitaxy) л i j з jl (jjfLiLui! AjLuj! j! g.1 3 : Vu*i(j A-^jLula 

48 ‘ 49 .(jjjumi! C. <a\*ijl AilLa jjJ p- L-jLulaI! (jjfLLui! (jijj $ jjfLLui! jjjjj <ilia L_JJjujjj 

jjjlaj (_^j^- ^KOH ^ (jjfLLui! (jjiAjj (JIa c^g-AjxA^. (Jjxujj (j! (j^lij Aixij 
(jLp.V! Jj£! (_5^ -1 а^х 1 .i_jj\jj3 Aiila ^al . Wui ^^ic. 4 _аЛэ jjLJ Л ‘lluA ^j'uAl CIjIjjjJjuj 

A_aiLl! ^al ■ Wui (jj 5 ^ 5 °.AjjLjjii! <liLai jjLo AjimaJ jjfLiLuil Ajuj£! ^ic. Cl iljjjiui! аЗл 
.7.17 (J^ji! (^i ^uia ja (jjSiLuil ^jjjj (j-o ji! jjj jjjui^. j iAjujc! j uW AjjLjil! 

(j£uiJ 4i! Vj 6i! jaJ! j\ jWl (^jic* Aj^Ljaj li i jjB (J^ij Ajjbjill A_iiLail ^al , Wui j! jia. (_5-3j 

^ajliJ! (Ju-aj-il < <u Wi Aj\jj L^, ji jW 1 ^xa (JaI^JL А31Э! j^a ^jil! jjjj^jj-i! С1з\а°1.Уз (jA 

(Complementary-metal- oxide-semiconductor-CMOS) (jix-Al! Aim£! ^ua ^^ic. 

. AjjLxaII 
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(У& J JJ A *yj £-iiu24 ^ 4»аЛУи*14 Sjjjmm j^Jj CjI jLa ^Luajj 7.17 j£-uJ! 

£уь AilSj jjjS jjioiuJI Jjjjj qa Ajjjjj 4_Lda l-ljujjjj SjjjjjjJI d Afc lijj . jjSjIuJI Jjjjj 
• fbL^uJI jjjs jjLiLujJI Jjjjj j-a fLutP bjjujj ^jlLI JHuiI aja^j qLaj .Sjjaj jj^jL *i SjjL 

.(RIE) LLL ^JjjI (jjJAJJJ Af'jjla AjjjJLI LaljC- Jjjiil ^l ЛУиаЬ ^JcV! 


L^jIxuj Almll ^jjLl-JI dlLblia j3jj tAjjj^Jlj Aml_iAj£il djLui^-ol! aJL^. 

“ '(JjJJ (Jc-lij UjI LIiL ^al .wjuilj AjjJ^. jl A_m£jj Clx^, yqjxi A Luil Jj LLlijjl Ig Къ j (j^AJ 
II diLum-o l_ia11Ij ^ jjdyLL! diL^LLa ^>1л Vu xil u^-aj Aj! ^.j 


4344 




c^jjjjll jLkjj jJ^. jjAi^J! jlc fiLm 4mLiAj£ 4_ic.jj -liili J^.1 j-o MEMS 
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(JSjjo Jc. (Macrocyclic) A лл- . ia]l A-ialaJlj AjjjaJjJI jSjjJI jl jjij ''“‘''1 Jl Jj]l 
AjjoiLj^. jjjj 5 (яп (_Д1 5 nm jji (aJj3j jjSi jl :^a.jia]l) AjIucJ 

^JI AaLjal - 4 44 4 1 ^ ^ ^ j]| jjJall AjjujaC. CjLL jj a'uj-j 

56-58 . ^LoJI J Ajjjjl ^l jjlj "^AjjjJaC- 


AjJax ■ A JJ^<II J t(piezoresistive) Aj]aijJa]l AjjILJI j iAjjjjaJI jjl jJall ^1лИлЬ 


CiLaLjjlj CjIa jLjII (jjLa jL<j c^jjjliyi ^asill jjjxJIj cAjjxjLIj c(Piezoelectric) 
SjlLVI AaUa jjjaji ^ jjljJall jLa ^Laa. jaljij .Ajllc- A3Jj jjli AaUa jja. «I jjjjil JJjj 

CiL LLI jl MEMS II jjL -"u *.\ j j jA]l cjjl jjLI _j wl . jjUl AajL л]| j< .j х_л 

a]jL 1*]I dlljJjLl! jC. Ялл1л ClLijix-A (jojJ ^l^lj l -— ^J LujLLaI! (jp jl! -j-jjJ c‘* jjl j 


.(2.17 cJ^j*lll jlaj!) Lj^aII j Яз11а11 CIjVj^ -л (jiJ 


Optical Methods Ajjj-aJI Jjj' Jai' 1.3.17 

II (jp -ч а! o^jjill С1з! jj^l! iais lIjjj V ^jlLl! ^ИзЬиа^-л j! 4_ia^jLilL jjda-l! j-o 

(Optical lever) "ajja-^ijI! <*il jl!" ^ jVhua ЗаЗа^А 1иЦз! j£l j tLjjfL-o £ u^^ll AFM 

* 

Я_з jj-^ajl! jj! jlal! j-ojJall . 4 ? n.wll AFM 1! С1з1 jjg Vl ^^Э ^l Л Ун A/l ^jLjoII jjjV! 

LjajlJ <jj j-Jall Яа jaJ! L_fl! j^-j! AFM 1! jJlll! ^ИАЛ j^-ll (jL -зэ ^ LaLVuJ jj£V! 

gL .(Optical interferometry) (^j^ijI! (jklllllj ("ajjx^ijII Ял 1! jll" Я1з^1а£ l^-JJ jLjj 
.^ jjLil j^J! L_fljlal! ^^Jc. (jjjjl ^jj^ aIj^-a (jjV3 t<jji^-> Jl Д_л j^JI t__fl!j^i! <jlij 

^Э j» ksi\\ JjLli cljljjiu jjAJ j! (8.17 (J^joJ!) IJa (Jjj-^aJ! JLUD Уз\1 a\ j^-u 

С1з! jjJ! jl .10 14 m J-iij j-o ciiLaL jj^U с!з\_из\_зз jc. C n.w,ll (jj^. $ jJLl! e.La_jl 

<j\ VhdVI j t^jjljll AjjLj^II! С1зЬ1_1х-а jjI! Ц -iLc. A_3jj-^ajl! <хэ! jl! Jijjial <-<^_a1! 

^Jc. JUoVI ^i-a» x> Lijjjlall йЛ^1 £j-u! jl! ^1лУнаУ! £-gj .4_з3 jJ jl! j JJaL-ujl! j tAjJaVl! 
С1з! jjul! jvl j! j^-oj ^ b\Lo . ! Ai^. j j»_a с“з^к н^а! 1 ^jL^j.Wx 3 jli t (jjLll ciiLu^k a 

jjxjI! jjjL j^-AJ jVl! ojLL! ^-л ^lLlL JaJ^-L! Jaj-U jll Ajjj-ajl! j-a! jVl! 

j! AjjJalil ^! jj! ^al , w'huL (j j^.! (jkl^j (jo!j»J j-oV! tillJ^j tjL-u^jV! (JjL 
A_3jj-*ajll Алз! jlL ^jVutiu (jj (j^L С1з\ ui^j CllLjjJal j£lj • jjljll! ( j° Cll\ 
(Turbidity) l^jjl^C. Llajl J JaLu J^U 4uJaiVl<J! (Opacity) <л1х1! (JjlVj ^^Jc. o jj^ajLa 

II (jLaj jlajxJ <JajljA Ajjj-ajl! -4_ж_э! jll A^Jjlal (JjVl A_jJj.Wx> dlllA .4_Jail_iAl! 

•kHz — II cIjLa Sjc. Д -jjj j-Q ojlc. jA (j)il! cPSDs 
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А \я bstj 

ch'j 


»> <A". ..v' AjuLiUI Ajjj^UI AxaljjU Aj^I jsjuiVI U\ Jl\ 8-17 JSUUI 

. АҒМ цуЗ UjjLu AjUj&UI jjl i n -s д!1 

^ l J Uii л (jlllj 


Jiljjil (ji -ил j п*ч\ г. 


65 nm aSUuj j 


200 Jlj^. jA (jjljlSI .^iinhit д|| jU Jl Ajj^ ■> д' a j. nl . ,iill ДМа jjljj 9.17 JUUI 

(jjlAJ AjIIIjUI Aj^ljiUuVI SfljUI <ai, ,.i .AjUu 65 nmj Vjia jjjLu 

3 jj SjJLd j ji ц ajj jjljjJI a ЛЛ> Сал ла u i JjIuJI ^ .jjli^JI Sjl ja. jjLijJ Jj£- . Ц -ilil jaj| 

• Lj .са jj jiU ^..inm ) 1Hz (> jUaj qAjP u* (ЗхЮ -18 N) Attonewtons 
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^}Xj-al jll^j ЯЛл. ^Э jJ^I ^JLUI (jUalll jiajC. С1з\л1)а1л (.*' I^, H^ol L<J j 

4 _ml jkj-uiV I o^.l jill JjI^j L_fl\ ,a^*u,il c^-lijjll 3-»а*з\1 ^Э (J-axl o^Lai^. ji£lj 

e-UlaA jjUS ^jill Ullj£ cAjj^ -л A_nj j-o ^iiijj ^3 /Ua .Я_з^,«оз\1 <jl^Ij11j 

j^-GJ .^ju^xIaII jyj JJxJJaII ^jjJall ^jUlaUI ^jjjjll ^Э ljJ*l t!.lia. 

CjUiai oLa ^jTn\ (jj^-ui j^-L^. £-<a J^ljUU jl 3 -a J X j J ^jjja L_LujI£ ^al ,W*U,il 

GHz II (JL^-q Aijjjall ьЛ$1 4-i^.l jVu,iVI 0^.1 jlll (jUaJ jlajC. ^JAaj j^AJ ^.0«luill 

jjj^ 2 jjj ic. jjUI Jlc. (Avalanche) jU^-i! j tSjjx^-a <UaiA (JLaxlluib 

с)аШ t jjiall jjxjj j ^j^-j ^jjJa c. ‘q xll£ ^gic. A_mUI CjUjILUI ^Lu . (Photodiode) 
^Uill j^AJ ,<J ^Vl\l L. 3» ks-i ) Ljjt^j Ujai£ j tA_lLxkjUI ^LaUui' V I J tJaja-UI jjJall £a 
(JI^joiI ^I.Wu,U jjU Clllilj^-iV Я£л Jj£l t(Jlc. (jUaj (jlajc. С1з1Ь Я_з jj-^aJ c.** lUjjq) 
С1з\_иА_зЭ ^Э UoIVuua Ajjj-m Aijjla (Jjl jl£ (J^.I^j 1 I jl ^J! cSjLujjH j.lal3 .4j\*sl Jj 
С1з1э1 ja-i! (_>«U^1 (J^l^ll (j^U^ aj^^Lojj jc- jj ^.w‘j,,il .AFM Sl ^ jliU С1з1э1 ja-i! 

4ijli © j 3 ciiLujLil 4 aa,^ia (9.17 lMI ^jJaajl ^ Ajjuj\ ,, 1 *ч \l AUli jlljll jUq jjUS! jj*! 

. 2 jiiU! (JjxJI (ji ^ ,,п)а*зж a\I jjjjll Я -jjg yi ^-ajujI Aj\_g_il! ^Э (jil! t Ajj-uLuiaJI 

jafcJajj^JJl JjI Jal\ 2.3.17 

Piezoresistive and piezoelectric methods 

^ * 

4л jtLJI Cll JJ*J 0 jAUa ^ (Piezoresistivity) Aja*jJa]l LbajlLJI (jj 
I jljl iS -Ф tc- jjJ jj^LH jl jJI (jU Cil jl^a.1 ^а (Bulk resistivity) aJj£]I 

^jSjLoi jiiL I л.\\г. .(Doped silicon) t— iUJI jj^ Л..." ^jb Ajj> Цз* . >. AjjIL 

.ajxtnll ^jXg AjLLdl ALajjll LajtLa jjjejll (AjLjlj — JjjjIjj jJLj jjlj ci 

jJLjo Wheatstone jjljjj jjj^. ^ jjlill JILjL AjjlLall ^ jj*j]I ILb ajlc. jjIL 
a^Lo £jjj>jj (Piezoelectric) Ajjaijja JJ^LII AJ 3 .I jLjjjiVI aal jLI ClljjlLi L. ''ia”n .dc 

t 

ajjlc. . " 'I ^ ■'■' Cljajjjj c L. 1 . ^JJ Jl' jjL' I 4 J. jjj . jjL ]1 (jj 3 4 ZnO jjJJ AjjaxjJaj j$S 
jj AjjjiLjVI LIljJI . jjlill ajJjjj Loiic. AjiaJt .>1 jj$LII АдЛз]| ^ (Transient charges) 
c . . I L'V' |_g_j| A . L.J . >>\l A_a jILaII j AjjaxjJa jj^LII Ajajljj Ч гз .1 jjjijjL/l aa I jLI 

Ajl ^A 1 4 . Li . >. ^ jjLJl AjjLill Jl L'jjii (_J jLl Ajjjjj . jiilj]l £-a AjjL j^£ 1 . л ji 

aljjix]l aLLjjj j a£j jl 4 . iILjj jl jLjj ajJJx-o j ji. CjIjLji] ^_1 е Jj ■ II 
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^JJ AiLjaJ . jjjLj ^TiaII j«aj\ х-оЧИ j3l jj ^jll ^Jjll Jj3 <_ .^JaxjJa jj^Lll 

jjLi JJ J_^.la. dlljA (jj£j Lajjc ЯЛлВ jjC AjlaiuJa jj^Lll A-ia.1 jV*u*)j/l £$.1 jLl j)li 

* 

i" il qj)La"i Jjli tajlc.1 Cjj^j ^j]| jLolaII (.. iu>ii . ^jL dilil jail ^gi 4i;lii CjI jj*j 
.Lq Лл. JJ o Jj.Wx> MEMS II CjLoia-A ^Э ^JaxJajj^L]! 1 jVuiiVl 

Capacitive method Aijjlai) 3.3.17 

£^jL ^ic (Jj-aj-o jjj Ajtjuil jiLi ^gic Ajj*_uill A-i^l jVuiiVI Ss.ljiL]l JLqjxj 

CjI jjxjII ja 0JJJ .ojJXj-a o j^qj ^gjLill j)C. 4_L-ailAll ь jj£j]l ^ic- t." U'ua jj. I (Jj-aj-aj 

, m 

<*_uill j)l LaJj . j)jlua jaII j)JJ <*-uill ^^Э jj|jj*j ^jljll jjlAjjjj j)-Q <aj\j]lj S J>^\1 
^gic AaJ*J JjJjla]l оЛД AjjujLui^. jli C<Lua\i]| Ai\-U1A]| £-0 \ JiilSc L_bul\jjj (JjJ-ulA L TiSa\ 
£-a (Ja.ljj]l AjjxjuiII 4-ia.l jVuiiVl &$.! jill ^jlxj .© jj£j]l j ^j\j]| j)JJ I ja. ojJ*-ua]l o J>^\1 
I JA (ДО-] (j! AjLjalij Cj\ laivs a\ L)LaJ Lujjj .Jajui j]] ^jLj^Lll (J j*J! Cjj\j ^^Э Cj! jj*j 

4-ia.l jVuiiVl 6^.1 jill (Jxaj c CjLiJ j j^Lll (Jja tLjLj^L <L-a j-oil JaLuijL/l (j\i C(Ja.l jj]| 

u \ jill AjjujLujVI Cjl JJaII (_£j^j . (JL^. Jj\j \ ‘iSaa j]]J j)\L lij 1 jjj£ Ljaj AjjxjuJI 

Лэ! jLJ! ajLILj]! MEMS ]! Sj^-^l Lg^al . w"uJ (jL-u Ajl <jj*_uJ! A-ia.1 j Vu^L/l 

^Lxj^jU SjjjaI! ajjxjuJ! (jjl jJall cjj\jj*j (_^j^j .4jj\j*_a11 CMOS L^. jl jj£j LaLu 

•NMES — 1] (j-aLk (JLLj jc! jll (Electron shuttling) jLaI! jjjjLlVl" ^Uaj 
jjAa. j-Q jj^jj (_^j]l (Quantum bell) ^'^j-aSll (jjjaJl" JJ ajjLojj jLL jLLl tjLL 

.(10.17 (JLjJlJ (j jjj! jll jjjjl! (jj-o ^i (_]a*jj LjjxA ^\La ^jLI ^gjj 

AjSjUSj^ jjSj^ll ljLu^aI! f 1 j| 4.17 
Performance of micromechanical sensors 

I jill ^Э (_]ax] 1 ^gJc L^jjji (JjjllU! L5^U]I LjLuia-uJ A Ag a Sjj-o jj 

^^Э aLLxS! j ^j\j]| ^ic 4_Ajlj]l CjLuiauU] 4_uiA juJ! Cjl jjA^l (j ja.j . (Jj! juJ! J c Cjl jl*Jl j 
i (JUauJl t j jJall c jjj j]| j j jj^ Ajlajjuil CjUajui ja 4_xj jV (J)LaJ 4jl ^jjj j]l La \W 
jC J-aLiIaj aJaILIa CjLojixA j-ojj jl (<juiij j_l3j]l ^^Э JuujILaSIj ;Q fijjaJl (JaIc j 
^JjLj Jajujj] Ла\,Ч*Л CjljjjU jjaiaj c j]]j ^xa . а\ 1 j ^ла-л]! jjj AJjlyLll CjljjjLJl 

c$.L<Jl£ tlcjjjj jj^V I (JjI jjuJI ^ . jjjjll ЯЛа. ^ MEMS 1 A_jjjj]l <j\ VuJJl jA 

Aj! j ^jLJL LijlLJ! jjc jj£ Lijjaj (Jal LjjL ^Л JJajaJAil jjjjll АЛ Vui (JUaA jj£j 
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^Э (Jjjuuull jjIuj V 6(jj^.l L) -0 . ^Ij^J! is^ (J-obeJlj (jjjj LJL^. ^Э 

j)£LuJI Ja-<u]l ^Э <LqL*JI (J jj^JaII ^ulu]! CuLuU^a jli ^aJ (j-QJ .Jajuj]| 4-^.jj] j^ajl x/r\ l 

«1 

<jjj\j]l AufLul^UAll Д -uIjai^ jj^J! Cul jliikjU CuLujiIq Ig'jL^i (juaLk (J£joU ^jIJ^. 


j3jj (j| lujjfLiu 4ж u^iull ^u! jjU j£-<u Au! £3 jlol! (ju .(J _jkl Auila jJ^. CuLajjlajj 


cAujlujj^ (j-a!jjJ ^qj'a^kll (juj]l is^J "£3ja]! is^' l -— ^LuoL^ CuVLajLIujV! Djjxuu A а.г- 1 ju 

. Au^. jljjjjil! ^u! jul] A-jjJUkjxtj^ j t4_ul_iAj£ j 



— 1! lift Jasu .djvtejj ^IjL Jj 3 ju (jA jjAa]| j ^1 а^д]| "^ju£]| (Jjjj^]!" 10.17 J^uJ! 

j-^ju]| ju) .^jIa]! (jjjj^W! ^Uaj S jlu£U !>bjau (jjjjj 30 MHz Jjj^u NEMS 

.(^jb Elsevier juu]! jb (> jiL 60 


tAullc. <3J j t! jjj£ (jjaij-o ^ £_a c4j5LiaIujJ 4ul Vuai! ^ulu CuLol^-A j 3 Jj 

4 j 'il ^ja j j^Nj a II A aJo'iVI (ju (jjaxj l$u! . Aj,jlq ill CuLui^-a]Iu AujLLq Au3jJj]| ^Э Sjlujj 

(jjjliJ! (JjxjuuI! CululLj (JLoxLujIu Sjjj£ 4ja*\i l_g_^.lujj j^AJ (_^l JajuuV! 
^ulul! CuI ui^a <— il J>^-° lUI^ (jjL*u .^jjjlajll (Micromachining techniques) 


Culjlj £_л <LqI£ja CuIuj^aII oLLxua ojjj£ <ajL-a ^^Э 4uJji]| ^ulul! CuL/j^ -л lujjjjj 

lujjfLiu Ая u^iaII ^u! jjil Au^jjjul! 4uj! j^J! (Jj^]I (jV j .oL^.! j Ailij ^^Ас. JU^] 

^xj .AjjLiAJ! (ju (Ja! (jj! j^, (>j ciijlu £_л Ia^jjjjj I g n4u.fi j^uj tj]]!] cIl^, S jj» a^» 
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i Lo jaC. . .iJ jj]! 6 jlc> ! djljlx] j I Aaj jjoill 4.JJJ j^J! j-aL-all-oV I dj\j\x>» \ I -\)Ьа ciili 

4 j cijLaij^ ^5 -a^I ^tLVIj jjjlajll IgJ JAo V Я-^Иа! MEMS — Sl jjIa ^aCL 
Д -LaLuiJ J£j j)£-oJ .ajjj£ Ajjj^,j AjjI j/ijS ^l jjV ^jjjuj (Jj\ Vi\ 4-aj^Loj AjjojI а*)*ч \1 AiLlij 

.JjjLla]! jja -л jIajI jjajiikjj 4 j\"iS\l 4_iuj\ ш-ч\1 ^Э ^ J.H-G jljjjl £-0 jjL CljLuia-A £jjj-aJ 

Д -lojlj 4 jjJa^l AjaUa ^l NEMS MEMS j-o (JliijVI (_£*j jj jl £3jJJ LojjJj 

^ j'uAi CjL, w"i\l j^cijj u iVuj VI j i~>j <j\i tAjjai\i*j,i , ‘4i'l cLcjlj tjj-jaal Aj\ VL*il 

.Ajjkl j 4"u * v i *i^l jillj NEMS 

^lc. ojCLUIj cAjjlijjVlj cAjjuiLui^JI jn^k j jV IjJJ^ 4 -a£uJ! L_lj!jai! jjjJajj 
Aajaj clijLui SjjIaU! Cj\ ni^kio'l j-o ЪлШ\ (JJ±y\ ^ljj^U AjLujo jSxii jj . CjI jjl! ojlc.1 
(JIa c^jjlijjl <j\ Vuxil clllj jljia! ^al Л*ч"ии1 MEMS CjLui^-Al Ajj\jj )S'I AjjlijjVI 
(Biological Ajjj^J! cjL\ yiuiu'l j! cLjli 4* a^a'I AjdIxV! cj\iiia\l j! c djl jajIjJ! jj«-j 
jjillkj jjIaAjj MEMS Cj\ iii^ j j-<Aj j! UiLLui tilli ^Д! jjjI! Lo£ ; j£-oj .receptors) 
Aj^jjuiaII CjIa jjujjI! j jjjjl! ccjj Cj! jj*j cjLuiLa ^ic. cLuc-VL j^LuJlj ^jjjjl! Laa 
a^Lui^ jjaia-L Lojjc. j^Luill jaA*l\l Ailia]! jj jall 6^,li£ U^jj . L-JJJ jj]L jljLoVL 
Iia'i'I ^^Э l.la. ojJXjk-a jjajL ClljljJ £u 0 (JjiaV! jj! jj]l ^1лУии! jjJaaj C^aJ j )aj . jj\j]l 

. jjA-ujj]! CjjJ jjjjl £-0 ^jjjj]! ilA*l\l AJjui' iil^k \..1>..1 J-L jLjj 6(jjj.l j)A . j£Lul]| 

(ji j j2t jj ALiaII A,lujLua 1.4.17 

Sensitivity of the resonance frequency-based approach 

I CjA \ ^ * 1 Я j 1 U V‘iSa jSil'il c" Uiljj СЗ j! jloVL 4 jV*Un<a\l Ljj|jl^_^.yi jl j)-Q ^aC- j]L 

<j| ^^Э j)-o^j j)jjj]l Ajc. jrfOx]! S jj-o j! VI 6 jj\_j]l lj\i iii^k <o jA CjCx]I ^^Э Ailia]! jjjVi' 

4_uaj\xS jjjj]l JCjJ L_i3jJJ . Cj^. j]| j>]\ L$ jJ-uia Л1с. 4 \"iS\\ \ iiiiiiVi j)-ojj jl j)S-oJ 

j)£-oj C jjLl! jIxj! jjjajj .ocLa]] JiLill j <jjj-L! j-o\_xA ^ic. j ^ in.Vig \l \ g \S i i‘i ^^ic. ^jL 
4 _ 1 j£ Хь£, .(1.17 jSiii'l jiaj!) GHz AxulaJ Hz 'I lIjIIa j)-o jJxii j! ^ULj ccjjl 

i 4 \ \я a jiL a£Luuj ^jc. j . j^jjjll A_Jlc. CljLjjj A_ilxS! jCajLl! lIij! jj ji! JJ <.4 \\яа jiL 

jji^j j^-aj t jjLl! ScLo ^ic. cLLc-VLj .(^^ic-VI jCajLJI lIijL juua^V! jjLli jjfL 

jli cJ]i] . djLjjfL-o i_*uJaJ j)-o ji! jjLJ! j jia jjfL LoAjc. cGHz SL 4 .1 j,i *i j lIjLCjj 

^jja. jiun Vi\| ^ j.la. CjAaj ^ aJc.1 j AjIIxS! A_mjj]| lIjLjjj]! lIIjI L l^a. ь j.u-aq\l jjl jj]| 

.CljLjja. oCc. 
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(Fundamental frequency) ^L&I JJjjII 4 \я n jc. j£jj 

Ijaall e^Lii 


f 0 = 


(6.17) 


2p(0.98)L- \ p 

^jljjjV! jjjjl! j^jJ j-o SjIaaII SjLaII <Sj£ jjj^i j£Aj .j^jLII SjLg 4iL£ p С1з 

i^Sj La£ t^jiLlS AjjI^jjVI 4 S'i^SI ^j-o j ^jl^jll j 

/o 2 - fi _ 6m 


/o 2 


m 


(7.17) 


ojlaJI LaA rnj 6mj Jljiill Jc. Jl$jll J (JHjVI (jljjjjll LaA /i J /o 

jjLll j^J! V— Ь jiail jjc. jl jIaVI Jt/i^ (JJ^. *L5^^ JjS! 6 jJLll AjjILjVS aSj^SI j 

. j-JLli AjLtLI 4 Y&W jLjc-VI jj*j LOLS 7.17 <1 jU-UI Jjj*j jj^. jjj 


lAiijlxJlj jJU ja^-aS Ajjjill Ajjajl ,црк'1 L_fljj*j j^AJ 


lim 1 Af _ 1 df 
Am -^O f 0 АГ f 0 dm 


(8.17) 


= 5т/л) jlg >'S j-o Д -LUjII jj*4a\I L^.Luia ^jxnjSL din j ЛГ jajU (_£ j^. 

i 8 . 1 7 4i jLlaSI jj jLo j^Aj La£ t < jjjL*)^LI jj . ^ jjLl! L^Laa a l" c д Г 

L_fljj*jl! !1л jjjaj ^jc. . jaaII <Sj£ AiLjaJ ^-A AjjjS! jjjj JJjj ^i (jjxu^ll jj*jS! 

;l^_j| ^ic 4 . . ..) 1.'Л i^jbll a 4JL0. 


s 


m 


1 Af 

X 

p.t. f. 


(9.17) 


jd^ aS ‘/0 tjjj jS! ^jji jl j! Sa^V . jj-AASI a^Lajjj AiL£ c^S! jil! Laa t a jp a l" 

.^jjjj-AJj ^S jlaJj 4 j£S_ajoiJj AjJ|_a AiL^j (jS*jj 
SjIc.! ^a .Lg_Li£ j£jj <Sj£ jiu-a! jA j-^L jn^k aS s-LVI cjLuLi j-o jk! (J^jj 

Lb^j^j j^-aj s L : j^SS Д -Lli jjA-LS Aj^-Lxuj AiL£ ji! jli 9.17 j 8.17 jjjSjL*_ASI <jL£ 

lAi^USL 
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(10.17) 


АГ . = — x^hl 

min q, r 

Aj=JaxJI 2ili&U ^dV' iaJ yJ'jJ' ^ IaA A/ min j ДГ ПП „ 

.a ttutiVi 'Jjxa! .i^Jlj 

. Jj£ CllbjJ-Q SjxJ ^JaUaiVHI Jjj^. 1 ViSaJ ^jjlj] ^Ljji]! ^xJl JJJxjj 

A aauaiVi j£^&A (Cj.W,a (_^jl j^JI 0-L^uJa]l) jJxj jati^nl j)li t jjL] ^Lax a ^jaajVi JJL^. 

I<iLjLxJL ^g. J-aar j 4_l^JajuJ! JiL^]| 


дг=8 2л 5 кк в ТВ 

V foQ 


(11.17) 


lJI jaJVI AjjlLa A-lujLu^ 2.4.17 
Sensitivity of the static deflection approach 

(JjJaS-o -IxaJ jA tlljLuj A_lSj jjCo! La£ c jIjIaVLi CWuoaII jjL]| g.1 Wll jl 
Jj j^j j^AJ Aj\i L j jfLi* Ax unxi <3 j3 j jjl jj (JLaxj-ujLi . (Jj! jjjS! ^^3 jjLJI (JaC. 
^Jj ^ jiiAiil ^ic. ^Jjj^. jl JJ-ol CjLiLxj A La{i J^SI CjLjjjJI Jjj La AijxjJall (_£jiJI j-Q 
CllU jjujJJ Ajj^-j-^xaS! j jl jj-aVLi 41 i^Jjuia]I dll d_g_^.L/ 1 jjJ-Q ' i-nj .JJj^jaJ J-ujILq CllU.1 jl 
(_£jjJ (jJI J cA£jajuj 4j^Aj]jJ AjjudC I ^k dil jjxj]| (Jja i aJjud^Jl JajuJ jll Cj! jjj\j jc. 

^Ljalij]l ^Ja-uJ! -J_g_aJj jjLJI (JjjIj Д_^,1 jl jjj Ai^jLxJI ^Jaxj . jjLS! CllUjjujj ^Jj 1 xC-ajl 

:Я]лха 1! (Stoneys) (JaijjIuj JJcLxaj 


Л 31 (1-d) 

Az = — A a 

Et 2 


(12.17) 


^JajuJI d_g_sJ j jjLll £ LbJl jjj AjJxk <i]jLc. lJLia 6 1 2 . 1 7 JJcLxaI] Иэ j 

.^UUI 


fl_j^JI JiLiaSlj cG t^JajuJI j_g_aJ -LaJj j^-aJ 

^ Эу л 


61 .. 


a = y+ 


V 3£y 


jjj]jl_iuj JJcLxa jLaxjjujlj 

.Ai^lxJL ty c ^Jajudll 

(13.17) 
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(Jlxijl a-oaLuia (JLaa| j£-oj tCJVL^J! j* лзСлЛ ^э . 5 s = dA/A c^JajuJ! 4 _^.Luia 
.^JxuJt ctg_aJ ^Э jJxdt £_j^JI Яз11а]| ^Э jjx dt Lu^)ij (_£ jLmJ ^sJ j-oj 


£jjU]| jjUj Jai 5.17 

Applications of cantilevers sensors 

Gas phase analytes ^ jUil Lj jIjLI 1.5.17 

j-0 1.1^.! J AubLdjj CljlLjj (Jj 3 j-G A_JI jLLLI (jjjjll d J2kjl jc. U_fljol£il jl£ -jil 

cIjIucjj j-o jl c^.j uil . a_ij j^juj j jfLixJ! jjl jjJ jt*J! diLui^uJ ^ jVt diliuLdll 
jjjjll jLLj j j^.jj cj! jixd l“i» сэ LaJ a_JJxq jJl jjl Ajj j^joJ! ciAit j^jVI j jjjjl! 

л 

t * il g (_^Ла .1 JWi LoAic- . (jja. J jliill ^ JJa. jlc Jl t. i\ >> 1 д |1 (30 (J.g m" 3 ) 
* # 
оЛД dijjoi^ uil . jjjjl! *jji»-j! Jl jjajxJ] A y jW^ jJl jjl! jujj CJjj jcjj (, (JaI^IIj LaJ 

^^^ic j jJtj]! 6 ji CjjIj ^^^Jc jlA-<JI jjj jl! Jj| jjd^ljJj La Сл. ^Д! АхЭ jIaII JJC a >j vJI 

^ij (^c! ^ILxxJ! l_jaJ]I ^х-л jjjj]l jcliJ jl ^Lmjuj! (_^j^ ci] . jjLJlj <alxA]| a LSlt 

jLjjj! JJj tA-Jxal! jJLl! <]J^ ^ Ijunj JjI^ uLcjV a yjW^ jJlil! jjjj cjjj cLjj! 

. jJLd! S ji CjjIj ^ a_uia! jj£! 

Juc ^ij l_jaJ]| £.jlia] (^jxdj-p/^gj j£jui) ^JLiJ! JxAj]! cIiIjL^Jjuj! jij (j j^. ui] 

J 62 .2-mercaptoethanol J_jjLLl jlil£ 2 a^LLj j t^jUJI jjUI ^ <IL_o Jj-i 
4_Lcai-<d! aILuJ! J jL<J! 1 gJvunJ ^jJ! cJli! j^jV! jl jjjJ t(J jjlujjjJjl^jj-o - 2 Я11^ 

djLujLii l“ i^xuLt . LaJ a_JIxa]! AFM ]! ju! jj jjj j ucjJ ^э cijtjjxdl ^ic jj -чаИ (Jax] 

jLJa J£] !$. j^. 50 (j-o JSl jj£! jj ^jc J jjLjJ jjjl£ jj-q SjJkjl (jj. lui^Jj ^jjLdt cijlil j^Jl 
J=laj ^ 4j]J JLajJl! (j jjk (jill d j^LxaJI ^Kul jl£ j .(part per billion-ppb) 
0 ppb j£ jj£l jJl] JL^u cillij ppb J^l 0.432 nm jIcIaj Jja ^j^juJ! l_a! jrUV! 

. 400 ppb JJ 

^ijVt JLacVt ^ jlJJAxJlj La ^JJ jLldlxl! AjjliJjV! j 4 _uuA_ui^it aaJxJ 
l_jaJ]I tjLiA . A LaiJj Clile-jUa^ i-A^Auiixit jjlxuJ! jjaxj ju ajl >/т\ ^ic jJtj C1 jLui^-a] 
t(cJV j 2 J! jlj j\Jjl£ jx<J! j^J l-i^. AJlc AiidaLuij^ uJJ £-qj c LJ\,jaj 5 l^. (J-oLk j^xu 
A_fjbji]l jl .(-SH) (Jj j AiA jiLuJ! j-o ji£! j! Jj^.! j iu-°j cJli c!jLj£j-<J! (j! 



^jjjvLll ciljliJ jl fJ j.£L!l qaz>. jj-ii^U aJUJI (Solubility) 

^э 4 Л1 jIjaII ^a j-ix_A djL^UaJ ^lijjl (Jc.lij ^ll (jjjj (^jJI 4-lii^J! (j j^Vl djLiJV! 

^jjjbLllj L_iAillj 4 jlii^ll ^.^jljjll oAiaJl 4_iuiLuia-II (JL<iXJjjjl LL.V (jja. »iS jLxi! jjlail 


^!jIj! dilj jji! L_i£ ; л-\л 1 <lijjobQ (j-^ -л ь j -liilil tL-iiijjilj jj 2 k j j^i! j (jjjjl! oLij 

6 ^. jxj jC. L_Lilal! Ял -ujIj CljLajLiij 


AjjHa-oi! Д -ijlijjV! JaLAjV! j-ojj V L-l^j Ljjutfaxll JJC- djL^Uall jV J 

£uJajA jl£ LjL-oJ^ Ajjlijj! AjjjJaC. djlijJa £_a ^jljjl! (Jjjxj jli c djlsjjlajil j-o ^J^xi! 
Л^! Aj^Lijj djljjj (Jj 3 j-c L_iu^aj La£ AjjJaji! (j-oa-A jl£ .odjjC- Д''п, W djLujljj 
^j! jj £.^Ua J j^. tdjLui! jj! оЛА ^З ^.AjjjJaC. djL^UaJ jVl jjLil! djl_uia»A 
jjjjLi^, Jjl^o (jji-o!^j ^jLll -La.j! .1^.! j» ~ч \ dliij i jj^LaJb jjljuil! .ijjjj (j-oAFM 

Ajjlaji! jpa jaJ J-daauUl jjLjl! 1лА jjaJjxj (jj^. LoAjc. . jJaLUI s-Loll ^^3 0.1% 
^K'inn . jjjjl! ^jj (^-3 jLjjL Aisljj-o jjLll Llili! j^j! .laa. jl t^cjjjjJL ©Ai! jj-L! 

AjlaxuJa A-ojliAJ 4-ij jViuil 0£.lj3 djli ^jiljj Ajjlajl! juia-A j^Ll ^J-cuAi 

j-o £ j^£ Л \я y j-q jjk! j C<Jjlajii Д -uiLuta. [Ja\ jj 1х_л jL ^aJ-Qjuaji! j^t/i'n ^.4-a-A.lA 

<200 jim (J jLj jjliLaill ,\UiiSI / jjSjlx^i dj\L)a\l djli ^jljjl! ciijl£ .jjluijj juia. 

ЛО’ 6 mrf 1 -^j^h ‘AR/R iL_fllj^jl Ajju i L ui a. £a 1.5 (im a£Laujj 50 (im jiajxjj 

(JjLujJ!) -lajuiji! ^iLil £^Ua AiLjaj (jja. i JjjLa (Jx-ulq £a (jjx-ui (IWJ ^! , w'u^L 

o-LU! Aija ^lijjl ji jj . (Photoresist) $■ j-dLL ojaIsIa £ U-q j-o 10 цт a£Ljuj (LjLjll 
RH% ^A <jjujLj-o Lijij ^jli! (jji^-L! cjLL^jjujl ^LL! jijj ^j^.jj ^.jjJalL oj-LiiAi! 
jl oj! j^J! L^.jj Ldajjxj j3j (jil! £_^.ja 11 (jiLll j£-aj .60% J! 2% j-o (JL^-U1 

.oj! j^J! L^.jj cjLujLii Ldaj! ^w"u>n 

jja, 65 tSAW AiUail ljVj^ -л (^lc. 4 Упа11 AjjLajSJ! djLuia-Aii A^jLula ojjj-aJ 

ljL£ jaJ! jjj jjJAjll dlJij LjLaj oj3 jj-o j <aljj-A lj! jaj! jjj 4 jILa jj! jj ^! jjs! 
jIL! .*! J^il ^ AiiLLL! (Volatile organic components - VOCs) o jjI A'LI I LjdaxJ! 
<Jjui Aijjlaj di! jLLV! jjx^aVi jjaj c." п*ч t^jljjJ! ^^xLa jii * ч,а ^ll 66 ^oj^Lajj £jV 
jj! jjl ЯзИэ CiV ja-A LfjLj jA (Time - Multiplexing) j^xlU! ^Ш! — j-*jl!) 

^ jg-Lo (Jij ^З jjj^Lli ^lAj-ajJ! !2 a ^uQjuj 66 .L_A^a e-^UaJ (JjC. .13 \ g 'ia (J£ coJjilA 
• aj$ZuA 4jfLil£ui J. . JJ AjjJiiil AlUall Ja " Mj.J' 1 ukjVI" 

(Poly methylmethacrylate - JAl. J jj CiUJUa ^ bVuu l jja 
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jjj]l ^LxJall 4 jxj djLuiljUl oi& ja jjaxj Pt j^xa jaVI til]j£j бРММА) 
CIjIjIVu J ^Jc. (J ju^a^Jl jj^. бРММА e-jUa £A jjL jdU (JLaxiluilj . jj\i]l Cjlajij-a 
^gic. jLojc-VLj . j£joi]I <_sl j^jj/lj (j-jj]l ^ A-q'i ja (J£ ^a cIjV j^^ll (j-o <LoiLoi] 
jl ^j j£joi 11 u_al j^jj/1 CIjI jjxj Clill£l f .\ jjoij AjIVuuV I CjIiW ‘ia JISjSI Cjlijjill 
. 4 ql'A-all (J j^£il jll (jjj jjjjjjl! j^AJ t(jAj]l 5JV^J Vajuija (jjjjll djj CllljJXJ 

Ajjjj^. jl jjL (Jj^^ll jl 4 jLUl ALlijjVl Jajj LujLuiI j j^. tA]L^Jl oJa ^a 

(jli tj]] j] . PMMA e- ^Ua ^a 4 q\'A x> jLujjjl CIjV jx -л IgJ A q\"A /i Ajjj j^. ^^^jjj jl / j 4 q\"A a 

4 jJVjUl AjIIjII ojlajJl jl£ <aljj-A Ajj-<u]jj CljUjLLa £a jjljj]! a JJJixj-q 4 jL-o ^1лУии1 

ojxj AjlLa-oll jjl jjll jl (jifi ji] . jjljll 4 x-ol-Q C 5 -^ jLoJC-j/L "^Laj^II L_ajj/1" jJjiaJ 


jliLjjj jjll j tjjjjlllui ^JjjIIj ^PMMA t<]j^uuj oja jja j AxjLui dil j-qj] jj 

jjuii A^jIluIa]! l^ll J-Qj]jj jl l^J^jl j-QJ 


(jjllajj ^.Яс. jjjUl VOCs ]] l Ч-^ 

LaLul ^^lc. Ajc.llLaj^aVl (Neuron Network) djLju^«\l a£jjLj jj£-<J! JUvi 

L_alVl f J^i-Q jjjiali ^UuJ JJ^ AjJ-Qj] jJ AJjx-Q O Л^£ jjl jj (j-Q dj\ 3 ji-o (j-o CjLI ViulVl 
ja 4 q]‘j-4 a LjjUa jjj 1 jidi jJ^l Ajjliill JaL<ijlj jjL C1 iLui^-a j\£jjl 4 jvuj .^^C-Liaj^aVl 
jjjuiAll jl Li^jLuli <iajjj-o]l AjjoiC-VI j t(sol — gel) {Акл>— (jlx-Q CjLjUa jl Jl Aj cVOCs 

^Лд - '(j]xA (j-Q ^Uj3j Auuic.1 (jjj£j (J J^. ^ ^jjji-Q Л\ \f\ ji djUilulA (j-Q L jj 


(jjLlui ^xjjUU AjjLq (JUL^-a jLaxjjU-J 600 ПШ A£L<luiJ Д -ii j^jLuj jjl jj (j-o j ^.1 j V^.j ^^Jc. 
Cj|j (_jjl jjll CjAjI 4 “. сг л1^л 31 Jiall jjI J a jj (Organosilane precursors) ^jjJac. 
J t J jjljjVI 4 jjaLajj tAjjJai VOCs s jdjV AjLdjuil Lji »1 Wil — (jL -л cijLjUa 

. L Uni <jJaidj-o Ajjiaa (31 dL j£a aLVi AjjLx-UI ViuiLui^Jl dli\£ jj^. 


(jjjjJ ^^sjaLjJ j! ^ j^-ui La'i jjL Aj\ V'u j ^аЛУи d djl niVA AiLdaVL 

jl jjLUl AjjLj ^jljj] (j^-oj c^ll^-Ul jjLUl djLjjaJ (j-aLdiAj/l jl) jl jiAVl л yj\'\ 
<ja l)^-L jaj^ jc.Lj ^a Jial ji-Ul Ajxda j-Ul jjl j^Jl A^jj ^^a djl jjxj jimVn 
1 j^J CljLajjiaj]! (jJ jl (_£ -1^] • jiL]l ^iaui ^Jc. j\i^_J ‘i ji^-A j 4 \\-ч а\ 1 j jLJI CIjLj j^. 
'ie-lja AFM ^La jjLJl ^Lj jiL Я]\л. ^ ^.ojjLajj jjIjL l^Jil jjuidJl 
Я5Ш1 (j-Q 1 pJ jl^j-Qj jujuidJ! jj.1^. JjUL (_£ J^. tAjjj-saJl 4_хЭ1 j]l 4 AiJ jj A-l^.1 jVuJ 
^gJc-l AjujLui^, (jj'q V i j£-aj .4 \x t.S-i j-Jl 6jl j^Jl A^jJ ^ 10 5 K u_fljLVLj AjjI J^Jl 

(Jjx]l jLjjl ^x-a (jjfLluJl jjjijj jjV\xj.i\l (j,A Я^Лха c jjljj (JLoxjjoiL Jijjia]! a-l£J 
.("AjjI jjUI CjLlja]!") 4_aC. 1U1 LC.ljj]lj ( jjiVJl jia\jA^ 4 J-a/j'Jl (jiaLUl jjj (Jjlj^Jl 
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^gic. dJ j^.ja3I 4 \\Via\I jl ja 31 j! j : ’n.wll IjjLujI_jJ ^^Э Lj^Jal Ui] C(J\!ia]I (Jjjjuo 

lg xxuxiV jUj (aIsjuj JIa a£Luuj 100 nm jj.iaj) aIj^j LjLbUa J^joi ^^-lc. jjl jj31 
CjIj -ЛЛ У (jja. J j 68 .(Calorimetric Spectroscopy) Ajj*jouJ Я^аКкл -i»J 


VI 4 AjjLuu^]! i"il ma. Л jji Яаа jjSI CjUjjxj <l" V aa jjU jJI AjalJaJI 

.Ajjl jjAl Aj^IjLaI AjLjalij SjjS £a <Jajl jja й jLiaa (Ja^, Lijl^Aj ^a-iij Lgjl 


JjLuU) Jjkl\ Cj)j 4 ILUI jI jUt 2 . 5.17 

Liquid phase analytes 


jjL ^ic. ^ \\a\\ j (JjI Jja]| ^Э ^LaUI (jxixxiU! (Jja. jVI (JIaC-VI C I J3a’l 
ciul£ c JIja]I (Jjjja ^glc. . AaV jVuxiVl й^.| jiii AFM (Jjj jjoj ‘ShU AFM jjl jj i j^j 
J^ jjjj LqI , w'uaiI jj^VI <ailkA <LiLiAj£ jy ijj Aj^ilUI (Alkylthiols) aJAIVI CjVjjiill 
g.1 jaj^ jji-VI JjA*j]I djlJjaJ il A"n . LjAJ AjIIoa jjl jll (Jj^xj (JaIjC. 1 c V'iSa 


pH Cjljl V'ujil (Jjl Vl jja. La^Ic. .0 jVa ^a jj'iaII 4 ^jIUj -Luj^Lj j^yLlull! . JxxiSl 

jjj (JjkxA Jajl jj -la. j 47 c.iiiaIj 4,jljxxiSjj.li& j-°jj й lj(uiS jj j£ <]j*A jj! jl3 

(jjJj jj Я31 Jjl — jjJ jjj AiLjab £3 jIaII ti] jUI j A_iJJjVj3l SjjIxa3! CIiIjWia 

gU I^jS! jLaaI! рн cjLUlJ cj jlij . jjLJI ^jLi j* (Deprotonation - protonation) 
.pH — !! JUaj jjL31 jjj t^cIU! Я^ЗЬсаЗ liij Uij ^50 nm/pH 15 o-q CiLjjVI 


JL jjL Clll ui^ai <1Ajja31j L-La-C^U 6jL! JJ^VI ^LVI CllLuiLi jj axj 

jxuxi V jC. oj^Lajj ^^_a. jLuo! c<o-aLk Djjo-aJ .<1шЗ! jjLtA3! dlL Jj| j xix xi Vi 1 AILja]! 
Д я ала <j! Vuxil Aiila Jj jjL J*'^aQ ^al .iVuxiL Cs + ClLjjl ^Jj AjjLjjVlj AjujLxia-SI ^Jlc. 

Л s= 

c_j£ ja ^a! , V'ixxiL jxi*4a]I I Л$1 L1 VixxiV 1 <aila dlj j£ . ^jj jaJl L_fl jxj]l La'i ja iLl j 

ja <AVJa31 cjlllaJlj Calixarene jjjLxiVlKll jjj ^a-sj l_jj£jj]1 Cjj.w jyq'uxiA 
<JaLj jl j3jj — SH Ajlxlij ja j <S j Crown -ether Macrocyles LjjjV I CjLU]! 


jxuxi Vl j^AJ 4 AjjI "4*1 x xiV 1 A jq iL £a jjL AiUa (J j^a ^al Л VlxxiL . L_jA 131 ^ jLxxH ^£jLjj]| 

ajILa]! jjL3! cLJ j^»a jjCxj Aic. .10 7 M ^j 10 ^ j-o jj^ljj jl^ aj Cs + CjLjjI 
jjjl^j^ - 12 — (JjJjj Cjaj J j jA Lj! j La^a (JjV 4j11aI L1 Vlxxil <aUaJ Lac 


^jxia-A Lilj 6triethyl-12-mercaptododecylammonium bromide ^jjIja! Jj^j^j^ 
jxi^ a .jqjj Liajl (_£ ja. ^Jg ^aII Ua ^JjujjJJj . СЮ 4 j-o l-la. ojji-ua jLV 
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<j! у \».а\ CllLajlaJ ^liL AiLLa Clj' V j^-a ^al .W'iuL Ca 2+ (j* jLi CIjIjjIiuia] 

(J jJJ <Laiijuj j-o j^! Ц -l^J-a > LSll Ял-<^а-о LcL^.! dllijla (jl .l 2 bj С^] 7 °.UIi 4 я 
AjjIIaJI oL& ^al,W“u-)L j^AJ .Hg 2+ CliL jul£ oLali IjaL 4 Jla-a jlil jj Ajjlijjl juiVl <LjIa 
6Na + tK + :l&-° с 5>-1 dsLjj_£jL^J j£j Ljjj c 1 0 11 > Js! Hg 2+ > j^ljS (j*u*»Vi 
. jjUll ccliljau! jl Jajjoj Jit Vj Ca 2+ ^Cu 2+ cCd 2+ cNi 2+ cZn 2+ <Pb 2+ 


Biosensors 


Ajj^^JI ljLu^aII 3 . 5.17 


AiUa (J j^-qj (_^jj^JI (jj.i*4x>]| ^ajg q-a JjVI CjVjL^-aII j-o оЛ^.1 j CliUquj.il 

^ajjj! c." n m i ~VocLa]l ^lu (jjjfL-o jjUl jlxl! Aijlill AjjxjulaII AjjujLu^JI Sjj-d j-o jiiU]l 

Lulil iLiAc ^ Ui-qII jjliLJ .ijju j-Q 200 (im (Jjlaj ^2аи) jl .juA jl jj£jl*JI 

CliljU * \\ 4 y jVi ^jLo Jajujj jj£ jlc> ^ j^j] L-i\ Viuil jj£ jU. jna-o o j^Lajj ClilAilj 

jjc. (j j±S AiijL ^ljial (j j 2 k 7 .^ajjjVI I g'iVu j ^llll (Exoenergetic) Sj! j^ll oc jLUI 
. LjjfL-0 AIxjoLA jj! jj ^al , W'u-lLi LjJ^. jj! (JkLuL^lil L^Lajj (jji] J^ (jj3 (j -0 Sj-C)Li-Q 
(Force Amplified Biological Sensor - Sj3 (jj^. q*=±a jA ^ jjLJI jj^d! 

4_iLuiA (J^juJj .(Jj3 ^ l J Lii» a JUue (j-<uCa LjjSj-a (Jxjola j-^L ^a, W''ut)l C3j cFABS) 
JaiijA ^jjjV (_^c.La]I j! jloVI jLlk! (Jj-q cAjCjILI! Ajjj^JI Cj! jLuLVI (j-Q CjLxII 
U j^ ^glc. L^lCi FABs — S! ^LjIa jL *(Enzyme - linked immunosorbent) - ELISE) 
> Vcj (Magnetic Beads) 4 u jALx-q diLa. ^1лУи*)1 (j j^- cL ccClSl ^a c<j jjx-q Ljj^. 
<л^_л Sj^-Q cULa jl (jjii cL . Laj-u j Ig'iL-oj (Fluophores) ojjli]! (J-o! jjk j! diLajjjV! 
<LujJa jjUIo (jjjujaJ ^^Э Ig'nilU-al j aCj^j-L! <i jj-LI CjljblkV! Jc. FABs Aijjial 

. 1-Ъ. 4 ДД^ ^ Ajjj^. CLAJjxJ AjIxII 

^ jjl! (_ja jJjLlIa]! AjjiaJI CjI jjjIjII , q’" 1 A a Jjj^jl jjjS oljjjl A^j tUjjJjj. 

t U£1 jI .[jjlj al ; <j£jjl£jj .".! U",,„l Jj (Receptor — Ligand) A L;;j — 

JjlA [73] AJJJJ Ajjlg-J Cj! jJu 4 -Nj'ii ^SL AiUa CliV ju«J 4 j11c. 4ллЛ u,)>k aj^Lajj CliL 

. 4 j ) f lc. dilcu-L (Jjj^. (ju-o ^lc. \x>c. 

(j*uD*sMI ^э l^lulfL! j ^jLi! Яз11а ccVj^-U S jluA-L! ^uoLulLI (j-o ^c. j]L 

j a LSLk (JjuS > j£uui]l c_fl! j^cVI -L-«u jL tLauj — jyq'iui-o AIcLua]! di! juLii] jCuLa]! 

.Ljj^JI dil u)-4-q\I (j-o (j j^VI ^jjjlL] ^ajiyLLI jl jilujVI ^»cc.j c-qV! ALjIa]! сс1э! ja_iVI 
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Jajlji]! j)A j! Ljajl dujj tojtjaJ! Juaj-lJ AIi^JjolaII Cljli!ja_iVI <^1 Ail_jJaVL 
!.Ла. 4 nl'ii CjI Jjiij (j3l jjj 4 ql'i -ч a jlauj ^lc. djllijjjjl ^c. jj]| jjc. jl jj-gVIj ^^C'jjll 
djljjiu jjjLiil Ljj£ja 4x jx-aA jiljj ^^oj^Lojj jVj-o ^ЛУпа)! ^.^JajaiSI djLlg_a.V 

(Immunoglobulin G ^LaI! jJjjjli-U j^c. jtj5*V aIsIjaI! ^c-LxuJt clg-aJ 

^jlajuj ^jc. (Bovine Serum Albumin-BSA) c£jL (jfAjJV j (IgG)) 

1 4 ^! jjl! ^^Jc. t jl jIa! ^xj 4_l^Jajuj La» j Ajjj .jl^aJ C1 j! jjiu ^Jaaj-A (J ja. . l_jA il! 

jji jjjjjj j£i jjqli^ a!I ojjoijIIj L_jjjJajjll L_abLa.VI 1 ла (jjc. jil .BSA j IgG 
(JjJaJI Jajjll A-^Jjj jiljl! e-La-iV t-la. кЛя!\ AAujLaiaJ! jL-uiaJL .laNL .L-lAil! ^Jaxi 
CIjLjj jjjjjjII! jjjA*J — Ljjjjjj LjJa. 1 ш^ча LjL j^Lijj jV ja £ jjfll j'ijjll ^^JJ jaJ! 

.(oxLDL) Lo£jjJ! j . KL j 4_Jaia-lL! AiL£lt djli (Lipoproteins -LPL) 

jiL ^Jc. 4jj_iA Ajjja. CllLuia-A jjjLj ojjjui а ^^Э (_£ja.t 4 _a£-q Ц Lqj <aj 

j-ajiiA jja-^i Л o jXojj jLjs jLui! .DNA — 1! (JjWi ^ 1 g L^iLi aJjL jLjj 

j-a ciil h\hksi ^l.w"u,L Lc. jj l^-jlc. jJajjubL! j juLuiaJ! (Oligonuclotide) cIjI-iajjjjK jjjl! 

^at Л~ч"и J CIjLuj! j-lll оЛД ^Э (J ja. . l^jlit ja_jt ^l jVu*iV Ajjj-aJ o$! j3 j ^AjiJaj jiljj 

L-a u-a4 (." ujt/i c500 pm jjLj 1 pm J£!-Ajuij 4 \ iLi"uja A_uj£jLui jiljj j)-o djL iL*q 
L-JAl]! j-o <Sj3j Aiila l" i^jui .^cJjjj IBM Cllla-jl jrAxi ^Э Ljj£ja c." \x ‘u-o j 
(JLla CIjIcjjjjjK jjj j-a jViaS Aj ^SVj^ c." mTn jj| jj]| jA La.! j 4_a.j ^lc. ЯлиСа jIa]! 

cjjjjjK jjj j-a jSja ^I. w"uJ j ja. Liijc. .(Thio-modified oligonucleotides) jL S ja jj 
(Complementarity) ^LjIIj JaI£j]! jA а ч1"А а djla.ji £_a L ja. jLc. ^Jj! jA 

^l-lkj-uj! jj . Aia. j (Jic.li ^jj (3^LaJ ^Лл! ^uJalj (J£jaj juuuiai j-uaa. c jj>giH jl )"Al 
c Lla ja jjC. ja.V! J 1 iLjj 1_АДЛа.! (j! c jiL Яэ!_1а dlV j*4 a jA ^JjJalii ^jj 

^l ^Ji J) jjaiikj 1 а^ a LjlLj (J£jui лэ AjjJalij]! ciili! ja-jV! (Jj'Vi j c(Blank) 

4<jlaJ! ^i £jUl! (jiijj c4j£jjl£jAl! di! j! jiAVIj cojljaJ! J_a.jLl <la.lCjA]! diljjjLll 

Ajc. jjll ^JcLja]! dililclijl] л1э! jaJ! CjLlyiiiLjU jjj jj£! 4_JuJalij ji jj jg -э ^JLlLj 

• 4_ajj jaJ! — AjjjaJ! 

...cjjLlt oji фН cojlj^J! J-a.jC^ 4ll^ Igj ^SVia Ajjjjaj Ja jjCu jAjJa 
JaAj]! (jA <a]ja_A aJcLja CjIjjjL jc. (_ qLS\! LujLuia. IA-Iuj CjIIa jjL AilJa (Jja -л jijJ 
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jj^ j jjJJjiL jJJ (jjLlaJ ^ajC. jjJAJ iS^ 0 j^Lojj ^l«^L ^_^j i !>La . ^^JJ j^JI (_£ jliJ! 

Ac. ja^-aII djjLoil . Lj! j^. ojSJjoia jijj Ал1к £- jjJajA jlL Ailia (J j^-a ^l .W'uJ-i 

jIjJm (jji (0.2 ng/ml) ^jJaliaiV! <ijli j^l jj (j muV' Jl 76 jj!U.lj]l jji Igjli 
o jalous <^jLLo AjLl ^ bVuu b (Prostate specific antigen) Cjllaijjji] 

.Jjijji (jili AiUa Jjaji J& (jjiij bj!j^.jj$£ 

Jc. ji.1 JIjj Ljajl jA (Biotin-Streptavidin) jjjjiLljjlai — jjjjjj]! j) 

^1лУи *L l^j ^sVJI j^. <_5^l j ‘LilV! aJLJI Ajjjj^J! — Ajjj^JI aJjLIaII cjljiiljll 

jj U jJJjIL <i!a j-<JI jj^jL Л jjjjj jj! jj 6 j^Lojj (_£jJJj! J ^аЛУи J . jjL ЯзИа CjL/ J^-o 

oJa jij (jjAialjjjLuJI (j л 100 nM ! л j^. j ^ I^jLU'uJ L_ilj^j| IjjjLj 

(J^jJj Jjoj j^c. cijl£ (jjLL 10 cJ!>U. алА 50 nm J) Ljjil cjL-o j ^gjll CjLULujVI 

<xjjUI jli t(jjjjj — (jj^jiLjjla) Я1^1 uj'I Jjc.Ua11 AjILLI Д_а1^1 <1U ^ . jjj£ 

(jjj 4 j£J-1j jjC. ЯэЛс. JJ LjAlL jJajjjj t(jjli (J^jj 4 jl3jLq jjc. CjLA Vu j/Ll Auoi j^xll 

jl^aJ ^ (jil jjII jjjjllj jlLJ! ^-Lxuj ^^Jc. (jjjjiLjjjuj cjLjj^j ^la* aII ^Ja-uJ! 

Л\ 

Summary 6.17 

jj jl jl jLVL (JjUjuiaII (jjjjll ccjj jLUl jl jjLl! uUIj^jV j£Aj 
cAjjL jjill j-al jLll £3 ja 1! j ^jjUll (j^ jll ^Э (JjjSj <LLuj 4 х-Уза! (jaLoiVI 
CliLuj^LI (jxi jjj£ ЛЛс- Л j^j (^glc. jLjJI jjj. U1 . A-JLaj^II Ajjj^JI j tA-JljAj^ll j 

^L-Jl jVj . LjjSLa jiuaui jJL ^ic. <ajU1I AjjIj jj^II Ajjj^JIj aLLajLII j tJjjLjjil! 
^Jc. (Jjluj jj (jl j£-cj CjLuj^JI (jli t^_uiij diSjl! ^э La^uuj\j3 j£-oj jjj jl! ccjjj jlLl! 
diULjj! jjj Li (j£-Gj . jljJoVL j jVu^aII jjLl! ^ll^jl jyj jjjjl! jjjl CjULjj! 

A-iJkl jVu^il S$l ji CjLjlij ^al , W'uAj 1 j^. Jjllc« 4jjj jjLl! *Laj| j jjjjl! CCjJ 

4<*_uJI j cAjaiuJal! AjC. jll! J_ajUxJI ^^Э С1з! jjxjIIj tJjjuxajl! Loj^JI c__il j^j! (Jja 

,4 ) Ja» >.s-i j jg ^ll (jaa! j^J! j 

JjjjLl! ^j^j'iUjaII (j-L! Jc-La-a L=k jljj£l cj! jjLjII j-o jjj-<J! £-<* j 

IjjC (Jjjl j! 4 aJ-ViL/I aj^J j£-aJ l" )j*4 'ijjjjJ CjUnJajl! j-o bUL& La£ jja-ajj cjjUaII 

ь jg_^.Lfl ojA jj^Jjui coUa^jl j! GHz — 1! j-Q o jg-^.V! 6jA jjjl Ц-з! Jji! £-aj . !_Ag_A 
Sj£^jU Jai3 jVI (j-aa-sa^-Al! jjjjllj j-ojl! j-Q (JL_a 1! Cjlj ^^Э 4 jl ^LaII AjjjLl! 

. <LjjjjilV I 
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L^jL]! ^jl^ill LLi]! 4 _i^I^jVhuVI o^l^il! (jl 

(j-o A_l]lx]l <iLi£J] LiJajl (j£]j Jjiu-sa]! ^~ч^1! t,_ 'Unl ЗаЗЭ (ju] i4-^]L_A jVl ^li]! 

Я -oJpJ! c_fl!^)^jl (JIa ^(jjj^)]! ccjj (juLil Aj'\jVi'J! CjI jVqjll ^ nVujj V . ciil \)L-oll 

* 

^ic. 4 (J\ja]I (JjJjul ^lc. .(_£ JJ^JA (Jji-iJj Cllli Ajjjlj ^j! jj (_5-1с- (jjiaJ Lo^jc. cAjJj-ajl! 

л 

aj^J! Ajl_g_j]l jc. (jjj j] CjjC (JjjI£juIj ^jLl! A^j^, (JuLj ^Ajjl-o j]I A-aj^J! i—fllj^i! 


(J^j Cjxj Ajjj-^j]! CjLlijll ^Э t, Чя xiill (jlalj-o (jl . £jJaj-al] (JjjLul^. C. Lul£ jjL] 
(jl . jjL]l 4_Jajlc. jC. Ajjj-aj]l ojLul^U (jjx_UA]l jl^ ^^э1£]1 (jul^xjiVI jsk (^ij J-LaLjJ 

£-<iajj 50 [im (jjj (J jLj £^1 jj ^-^j*uj LaAjc. Я_Ал_1] (JjLj^. <jj_uiaj]l Д_а j^_i! c__fl! j^j! 

jjljj] !л^. (jjjl xu^k cIjLjjj^IV! Jlijjl ajLuj! Jjj^j (j! jj^. (_g-3 t cIj! jja j jfLiL! j-o cIjLa 

. CjLj j^Ja AjuJaJ j dl! jjjQ jjLil CIjLa jjj J jiaJ 


ajjLJ! -LLujjVI (_3-L* ij iLjjj^IV! Jlijj! ojLujj AiUa Jj^j jjLj ajLL J^jij 

jjj£ (j! jjli c__j j-uij jLjj ^ i uV'n j! LjLj^L 4 Lxjj CjL jj! i j^. jl j^j i! .Ijjj^ L.i^j 

^LvlL jjj^ (J^ij l_jjjuij]! jLi jjaji^j l^aj Ail Vj . dL j jLJV ! (Jlijj! ojLuo! jjL 
(j^AJ . (J jL_L! ^Э 4 W iA'iII CIlLgL^. j iC. (jiaji^j J t jj VV! ^ jjaji^j J * ^J^La (J jc. 

- . - i 1д j j^. ^Jaxj jl . i Jal , л jj Я -ijji. lIjLji^a (ЗД 3 -! i AjlSj]l aj^J 


Questions 


AlLuiS 


jljjj (Gravimetric) jjJlijj jjjjjfliA jjj£ijl£jA j jJa_J jjjjll ^giJjl jia -1 
aJaSJI jA 1% (jjljjii SJUi (ji jjaa jl jiol Aj?jlj 1 MHz j 10 kHz .ijc. 

• AjjljjjVI 4 » 1 - Л 

Ajkl jl j j . ‘j j! JjJ A_J. J j] JAA Jjl ^_kj LlA j ^ИзА jj5 jluil jA jjLj ^aJjfcJjAj — 2 

1 mm AijJa j jgjjLjil <SIajoi Лй1£ |j| Sjl j^JI j_j. jj 1 K jjajI jjlj]l jjjIj 
(_^]aL*a jl LaIc. .100 nm (_jA t_jAj]l *Л_!з a£Iajj jij t(_^JI jj]l (^ic 500 mmj 
t2.6xl0" 6 K' 1 j 1.4xl0" 5 K" 1 :J\ jj]I ^Jc Ua jjSjUI j ^4,111 jjl j=JI Ul 
• 156 Gpaj 77 JljUI J*- Ui* j jSjLJ j t_jAil] (ijjj (^IaLxaj 
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0.5 mm 5 £Lujj 100 mm ds! j jjSjLdl jj Aiiklousj jjjl>i <*jjI _ 3 

^lf- ajuittlVI j (jjliUI Jjjii j tjjSJuJlj t i. i^i 111 jj t500 nm j lIuIL Sk j 

jl jl tjLi^jl^ Я1 iLa. j£ Ls-jLill jjjj JJjLl _L ^ ^ j ILLo - j ■ ^ .l_u1jj1I 

.(jjjxj V 

jc. 1-jJXJ 1 Hz (jl L»I jjjJa 300 K Aic. jjlil ‘jjliiHI dll jl jjAL/I (Jliaji jLS — 4 

:ajHj!I jjlill JjLLuj jj jLjjC-LH jJ*A l^al tAjjjj 

k = 0.01 Nm’ 1 jjLlll j-ajLi CjjIj — 

e = ioo _ 

/o = 1 MHz juj_>ll J Jjj — 
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jjjc. JaIj]! (Jjuoqll 


4-а1а&! 

Ujjj£ — Sjjjua^Ap 

Quantum - Confined 
Optoelectronic Systems 

( ^j j ajLui 

. 1 л 1 £ — jjjlljjl HjLjjl (^jjjjau CjUldj A £j*ji 


A<ali iVI UjjAj Liaja^ o jji-o^ a A IxjOJjQ C LufOJ ^±1 (Jx^i^ll 1Ьд jjoSljj 

.(Quantum dot) a^ja^JI 4 U>*\W AjjjlJI ^^jjl! ^gic- jj£ jJ! сД -ij jjj£JVI Ajjj^aJI 

(Epitaxial) Ajliaiil -JVill jilSI J AjjjaS AjjjjjfUI Ajjauij (jdajxj Vjl Idii 


< IxuaJ q i 


‘<J J 


аАх-^э 


J^ 




^ualSLlAJ (j]]j 


сД_зЛ^ 1 И| 


jj Ua*j . 6 j^VI (Quantum confinement) ^j-a^ll j ^^l l Cil jj-a j £_ 3 j 

j-aj 4_uaU_Jj t4,L-o\l С1з1 j й jg_^.V!j Ajaja^!! Jallj]| <jlaj j ^ajic. ^gic. (Jb-^ll 

.A_iAj-o£il JaLLll! Д -ujAjAj c^-iAjA^i! JaLiiil ^jIaI! £_ia^Ii]!j (, l i jjliuijl j£ — ^^juij! jliuj jc- 

Jaliil! CjIa Д -lj JJJ^IV! Ajju-aJ! * jfl I jJjIa]! (jjiluiAl! j dj(j,wjll 'l ^aJ 

. 4_ia ja£1! 


Introduction 4-»jle 1.18 

^Uaijlj tS-ajxjil j 4 (Dimensional control) ^jxJI ^aJll (_>. J£ (jl£ ла! 
j-Q l" i ' i'Na AaI .aLuV! AjjLnl! Чаа jaSJ! ^jjl! jjlaj <Jjl j]! jl^^l 4jm'j]l A-iuoCiVI 

cjjLxIa ^^jj С1 з!а 4_iaja£ jL-j! ^^jj (J-Qjjj Sjg_^.l j 4-iAjA^i! ^jj]! j-Q AjAxi! 4 _ujA1A 


* 1 Simo Fafard, Cyrium Technologies Inc., Ottawa, Ontario, Canada. 
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oj$dj ijlxjVl oUjjjill jUJ ЯДс. (Mobility) AjS ja.j t(Heterostructures) 

4 .d'N £jLa]I jLoxjjojVI <■ ^ 4 _ia jjJI LilLia. JaAJ 'i j j j v / I аЛА CjjjC- . 4 tl ijA - 4 (qq'. 

t jlL<JI jjju ^ j 1 xjJjjjjj VLqxjjjmI 1 ^ ljoxLjjjj ^_ill J_ij o jjLIL I 4_ijj_jaj]l CjLlajll j jl qjLVI 

.(DVD j CD CjLI jjj 


jbuVI (^jUiill Д UK \l jj -лл U.18 


Two-Dimensional Carrier Confinement 

4_jLaj CjLq jkjJI jjii. ^ (Optical fibers) 4 jj>^i Jl ( sLjJVI JIaxjuI jl£ aal 

jLxJI CjljjuJI ViI> j.j i aalj .(Telecommunication) Axj jn dVLdVI ^ULc. ^ Sjjj 

л 

10 Jjx-oj 4 jjj_jjj]I CjLjJI j v J I J'i'i'i .4 jjljj]l CjI j jJjj]I jj JjU JjC. jJjJ 'ojjLVI 
4_jjAji]I JL.Ij (( jj jajj]l JjJalia i‘iKj j ( CjILjjoJI 4jjjVI jJJ ^jic-l jl Gbit/s 

(Long Haul Networks) <_j4a]I o4jxj]I CiKiLJI) djlill j j-iLI j (( 4 _ 1 jC-.ll CjI£jLJI) 
4j jjjjj]I i—aLJV I 4 L jdl d jLL'y I (Guiding) 4 j > Ji cjxj . ( (jjlill Лхл]| d J lilli j 

Jd_a (dHkl (ХЛ ^djll (jjs iljJi gj CjLjJjill (Confiliement) JJ^a. 

( Jja]L j ■ 4 \\\ . . aljA dj jj jill j ■ ju (jl t 4 j 4 Lj Ll 'jaLLIj __j 1 LI jjj jl . _S N I 

j jj^I! AjjjjJai! c!j! jLujV! .iiIjj ^ll! d j£^.V! ^jlujjj 

(. 3j5j1!j LdljjjjilV! t^jjJaii 4 uui^-a1! C1l> 1 lijuMjllj 1 ^ ..iniNu ^jl! sj^Vlj 

j! j-o CdljjjJ^iV! ^! М djliLLaj <L-aj-Q L d-0'1 j!j-o 

Jn^i! (jjajc. ^Jc. ijdl (jiaxj dlJVI ^gk KJu.ill (Dispersion) aiL jlajii - 4 dLj 
diLoiA ^_lc- djdl jC l^JLaxJjoil jLa_l (jill 4 1. — . j. 11 ( i . C Cl j jLl ^jLll 


£-л j>aLi. 4 j>_jj (Stl'inger) 4_й jLa (. " Гни"|| 1 (Tolei'ances) d_ra.Lu_i jjSjj ‘4iiJ=i 
d Jpdl j' _juiLa]1 Jj 4x 111 jLdl jjjj (lillis . CLLilll j5li J4x_a ^liljl 

d_a j]x_q]I 1 ° » lail jl jS_aj ^iill 4iL_dl ^ic. j: j_a o (4j J jjill dBjjLI (Chiip) 4а__1__ 
й41_о]1 'j jl ja. 4_> j4 jl j'q" 1 L.I -^_!__aj ( ■ ‘1 W ,4_ijjjj_ia d jLLj I d ji dcj -;.4i jl JjB 

(Wavelength (_j>ja]I JjJall jui ■ .'Vi I 44х1л11 J'4i"ll ^ jell ( кц£1 Л ^gjtdl ^хл I, nuLul 
25 jl 50 GHz j_a 4_1з1 J__al L SJla. d da j . _aS j (division multiplexing-WDM) 
.(1610 nm - 1565 nm) L-jUdl jj j (1565 nm - 1529 nm) C-jUaill J, GHz 

dUia 4 LaLa. II j. да jL (4_i__a jojl ( c ■ '• d-ijdl ^i j j__aj]l j__aa_ll £_q LiLa_dj 

(DFB djjJj ( jjjj — djjJS 4c jlla djLujAi (jjjjdl «.IjVI Liil ^ji 
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CjIjjJj i(Distributed Bragg Reflector-DBR) 4cjjAil <jo£UJI £4jj CjIjjJj 
(V ertical Cavity Surface Emitting Lasers-VCSELs) aJjSUJI ejaill dili djblJI 

4_LajjaI 1 4 Ajjjaj J_jjx*aj]l ' ' (’ - , >i ^ll JJLa. ; jjl_oA l_JjL_jjLjj _LEDs II j'~. j 

i_jjoiS jAjlji. Л ^jAja^II jAAiaJI jc jj jSemiconductor Optical Amplifiers-SOA) 

_ jLLaII ^gjjJ]! jjjaLijJ] aAjJa AjjLLo jCIL _ aj SOA ]l л -JaJj <jjljA 

ILaj .Ajjj^jJI CjIjLLVI p A > _ku] (Erbium Doped Fiber Amplifier-EDFA) ^jjjjVL 
Axj j-j J jjjJaaJI tljVl ■ _ajL/l ^UaB 4 fl]£j]\ j a^La-«i]l CjLajjjaj]! ^_9 LjAajjAaa. ^£a 

iWDM £ jj jjt jA jj]! Ci LLiJajl l Lol .(Metropolitan segment of telecom) 
i— il jl (Inline Booster) IxiJI CjI jjxA LajLLa jj£i jl l£aj 

JLaxJjaI jSjiJ (WDM 4-aiajl SJLa. - j Lj^j'l t . Cil ■>. ^ _>i jj (Рге-атр) “LLLj 

a j^-^l jl p-i-11 (Jj^a ja j jLAXJjjiLj jjjjiail]! jj3 x. - ja jj LLLa 1 j-C . >> j 4ji. - ■ SOA 

.(Avalanche photodiode-APD) 4-ujjia]l jL^-iVI CjLjjj 

j_Ja] 4 _!Lx9 4j j jj] Cjl JjjC J jjmali jjjLa. Ljajl jA 4 L A 11 j_aj». jl 

ILa .1480 nm (jUlj^- jl/j 980 nm jit (mW) Ua! j JaII ju CjIIo i-Lujljj EDFA 
j| JA (Platforms) C'l . -ajjj (JLaxiijiLj ^L-lal JaL£j jjLajj ^ j ja]I 4jjjA Jjjj ■ jj J 
C'l jjja. js\ 1 i-'-. u _-I t JLja]I jjjjjj ^^Ic. . 4_]ajjij]l CiLjSall j DeMux\Max ■- ‘«‘1 L jl 4c.jjjA 
(Arrayed jLjijl ^ 4ла. JA 4jjl i'Kjj CjI j LLoLSja 4 jja. J. jVl Cjljjjill jl V-III 
Variable optical ojjxLo 4j j__aj CjLaja £_a ISiLul l j-a Waveguide Gratings-AWG) 
JLuLjjiI (Х-л liliij 4c_ajUaj]l jA ^jcl (Jjjjaa ^Jc Jjjuaai] (attenuators-VOA) 
Л L-JJj ja Jj]l CjLiaj (jjajIaL ^ l > jajl ^jo J jja. j'" (Xajall .Hjja-a (Footprillt) 4-ajjaJ 
a jSj'jll j- '1 jajjajjajil ^llaj .Cjliajll i_jj]LSj (_jalikjl ^Uc- laliall jLiiL j 4 -jJjII 

(^Ic. L1 qj. 1I 4_iajj]l CjLaLa. j j_Ul Jjjail Jjjaj 4 Q ( j’'l 4_jjj_a]l Ljajl 

(Optical — Electrical — 4 jj>j-iII — 4_LLj^£ 1I — 4jjuaj]l Cj]lLjjaL]l iic. (jjaliLjl 

• Optical - OEO) 

jLuV) AlaLaJ' jj-o^. 1.18 

Three-dimensional carrier confinement 

. 1 j ' 4jjiL ^jj JLaxL-jL V I ^9 .. - J . -аа. 4 LiLL-I! JjSxll 

4_iiLLi]l jIxjVI JJaa (^i 4jll]jLaLaII Jj-jxaii (QliantUm Dot) 4ла ja£ 4-laij Clli 4_La3 ja 
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(Zero- Ля \W 4_з jix-a]l 4jaja^S1 <A)al^U . ^ Лх j]1 Д_з jix-a Lg-jU Cllii-a j 

(Discrete levels) 4*U*\a lULjIuia олс ^Cjj cjjac- j-^ 1 ^ dimensional) 

ojl.la_Sl j-oj ji! jjj nl! o.lia. ojIja CjVLa. оЛс- 4 Sa^bLa jj . L^jJa^jLA j^Aj 

CjUjJ Ujj^Jal .Ajaja^ Jalij ^^lc 4_Ajlii]! 4 L/ijJl c. <u*ai 4 \)>g !! ^ nSS ^uujLujV! 

AijliiA]! ajIjjj^IVI cjUUal! jm Lic ajc. jjll aj]Ic. 4_iaja£ JaliiJ ^liSl ^jAaii]! 
1 <q^\"i ^jlill jAViSl j-<uj ^ViSl 4il с1ш! ^ij i ^.Я]1_^И AjILoJ! Ajalj)aj'l 

(Excited state S jl!Li ЯЛ_а. UjVliLl Lg_S Ajj jj£ Jalij ^^jj ^ u^>' ^LuiILujU jbla j lj>g \* 

I g'V^Ua UjIjjJjuu £a ^JaLxjISj t4jcl_ilau^al ojil Д g }\ /1а ^l-lia. lijj*J Aijxm transitions) 
й jjl-C. 1() "^.<JJJj]l AjC. jill L^LjjJjuia Яз1_1а lcLii jILLaj ojjxua^ -л]! CllVLaJl JjC. cJjj-ail] 
^a l^ial jj j Ajaja^S! Jaliil] ^jli]! £jA^ji] AjjjjjJI Ajc. jj]l c*’ лаэ cU]]j ^^Ac 

c LjVi Uj! j jjS jjA Jlc. £ 1 j! Uj! L ojg_a.V AjI j! ^LLaj jUj! AjAiiiill V-III ciljlij]! 
^lla. olclj Aja ja^S! 4 LaVVl o j^_j Uj! jjJajil оЛА jj ^ ^ , 4 ла ja£ Jalii Ujli <Su-ajA 

Ajjill AjUj CjjLi£ujj]| jj 4_alil_i oCjjS j-aljj. Uj!L oljla. Ajjjlj ^^jj ^cjjj jl j^AJj 

A-ujLui^. Ajaja^H 4 J-aViSl Cj| i (. I jAaJl j j J Ал -uj jLS UjI xm^ aSI ( JSjaSI JjJau ^ Jc- . CjLllSal] 
j^AJ 4L*i]i£ .Aja ja£ 1! Jalijl] ^-uill^Jl J£jj]l jA £tllj ^ aLL Ijjj J*lU,lVi 4JU. 

.ojjj£ jjjij ii\j£ Ajaja^S! Jalijil jl jij ^Jc <Ajliil Ajjx-aj]! j£ljil] jjfj 

Jalilil jj oCCxja Cjlija tiiljA jjfj jS cUjLajjJajil jjaxj l_JjCja] 1 jj 

t<]£uJA 4_1 aja£ Jalii <C ja^a ^^3 ^aUajjVI j*N x'jj jl 4 jLl^Vl jlaxJ ^^3 4 j^AJ .4-1 а ja^ S l 
AiSalAi! ^Э L_buj^]| bcLjj с. Og j Д-шС£а]1 oC Cxja]I UjLaja]! jAXJjuiJ LaAiC <u-ali 

4+j4 1 4Ai^bUl e LuiVl ^Э jjajxJjuij Lijjui .Ajj jUail iiLaJjmV! oCLj ji jl 4 Д LaxLiSl 
jiCuj ~ч jl_AXJjjjl 4 \k f \ A№j tLiilL ЯхАа-А 4. Sj-ajA L ‘<U*oi 4_1 aja£ Jalij] <a]ja_A]l 
^Jc jjj-aaJl L <аЛ^ \ ' 4 AtiVlg aSI J-ujC£a]Ij лЛ jQ ijl 4 аАУпаИ Ajaja£] 1 Jalilil Lljlija 

Д_Ь1э jjuVl Ajjix-a Clllija £a 4 4ла ja^S! 4 LaViSl l2j! jjj jjA 4 4_iijjj£]j Ajju-aJ o jg_^.l 

. ЯэЛ^ )a uiaSS 

4 ,K.jj 4 auju£J) JaUiJl LuiAjA 2.18 

ISize and shape engineering of quantum dots 

<jj j jj^IV ! Aj ju-ajl oj^-^LH ^juua j^AJ L \ f \ 4£jLuJ! ju-aa]l ^Э jj3jj La£ 

^xjLuJ! 0 *j .(Epitaxy machines) AJiiill Сл$\ ^iax д J ^j-oVi'l Jlj (JLutlulj 
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Д -ajaJ AjlJjj ^(Molecular Beam Epitaxy - MBE) 4jjjjail Д -ojaJ JbutJJ 

jjJat- j^x-o j jbkJl jjJJI aJJjj (Chemcial Beam Epitary - CBE) Ajj j -a ft' l 
jl As^ (^jJjja. (j3-j j jaxJjjlj MBE -' laj V-III dllkjla]l AjJijj ^JJJ Lo LJlc. 
Aiajailjj ^_ 1 Аал" AjjUI 4 ja jjj£JI JalUI (Jjj^ail (Jjjj jl_ia.VI s_lic.| ~^.AS 4 

aljjl jjLljjjl j£ — ^g£jjijl jJjjj j-aj la-aj jji 4 jjI jjj'j/l jjjl J-all j jjjl ^^jllljll jj£j]| 

iLraij-aj ~ 9 31 .GaAs jjl£j ^jic. (Al, Ga)As Cjlija jja JUiiVI JUil InAs 
n + Al x Gai_ jji (~2 pm) 4 £jjujj (JJj>!>Ij 4ida jji GaAs (jic. 4-ajli]l 4 jj jjiil (^-jjl jj£jj 

jjj£j] y<x (jjaii.1 SjLjI lllli 4 jUiu ajjo£ Ifrjflj-aj Al y Gai_ y As 4if]aJ 4x. jJJ-o x As 

* 

Д l-> /n Л 1 Д *Q l«-> *t a \ 1 - 4 L> i**' t\ l Д *Q Li \ ^ Д CL j Пл t ^l* 4 - 1 4 1 j j i s-\ -ч. л i ч Д Д Q L> t 

InAs Jalaj ^ Д -aj^ (j-o Д^. l-jjjJLo jjc.j (3^j GaAs j-o SjIc. 

j-a \,g jlc. (Jjx^i^-kW Jjj^ii ^uLiu ^ g-lc. ^>-ujL] 1 11л ^ Аж j .IjjIL Д 

aJU. GO nm j^. GaAs dil^L^ 14 jl 7 diLoj^ 

Cliliiia j fi jlaLiLo <L^,j.Ha o jjui£ o jL>4 Д Ax-i'Jl Дд1о1а11 . y — 0.35 j X = 0.7 
cIjLujI j^il 1 д AAt.s-iA clLuc. дАл» ^3j «p + GaAs c-LLaiu ^ g'Vnj <jjuL«i-p 

a£Luoij (JLaII Ци^ ls^) GaAs (Buffer) SoL^a д!±1а Дд-ид cjj^. ^Дд^д^! j Au^Jl 

- .» 

4a£l AJOI ^ jl jjj cGaAs (ja (Jjij ftUaij 1 " ' j L.r, ^j (4ал j-<i£]l Jalflill Clajj ^0.8 |Um 

. 100 nm j 30 nm jjj Uaij-aj 



[001] BF (200) DF (220) DF 


(j. Luli 4 ч\1 4jjjaS Llflii (TEM) JjjjiftTI Jliii^l y «j jj*a 1.18 Jiill 

jiaia (j-uj)j sllaLa jjC. 4jnjaS 4 laijJ [011] (jjja jC jbl*] jiaij (I) .InAs/GaAs 
(Bright Field — UaLu JUj> : jjjJji « J Jja. c ,u j-i Ъ 1 jjjUaiL jjjjj> j-»£ jjjjaflli jj-ju> 
fbjjflll (_j£jjj>L?I Jffl-U I jj> jiL 32 jj^jjUI jj>) . (Dark Field-DF) ,iilc. JLa-»j BF) 
. (WILEY - YCH Verlag GmbH & Co. <> jib 44 j^lj 
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(Transmission Electron Microscopy - TEM) ^jjj^ IV I JISajVI Aj j^j^a Jj 

lMI jJJJ tJliLa]| Jj±uj .4_1 ajaSI 1 Jalilil (jjjjj]l jg J-iaII o JllLo olJ 

. SrUaC. <aja jj-ll 1 g"'jA*n dlj^. InAs/GaAs 4_1aja£ 4 AVJ IjjJajC. Ра^А 1.1.18 


<> 515°C ^Jlj^ bj ^j Sjlj^* ^j^ (100) GaAs <li*ll 4_iAjj lIjj^ 

jaj L-ilLI tSlli £-iij t0.02 nm/s e j^a j^j J.i*aj InAs j* 0.54 nm Ь2 l-iija jj 

.j*_jjjuj .lljJJ ^ (*JJJ jl j£-<*J 6 jju£a]I J;iC. 4 - 1 ajaSI 1 JalaUl ДЛл. ^ 9 j . A-lilj 60 fij-li 

jla3 ^jjVi 1 .J4 a jj£j j! Ljaj! j^AJj Cfijjj^J! j-<ui lijSJ L^.Ljajj TEM I! (j^ 1*>* J 

*1 jJkL jj^VI ILa La u^i j^AJ bj ; 4 _ 1 а^а £]1 JalVjll ^lijjl JIaj V 4 -i£]j t 4 _ia jaSH -lalij]! 
^_ 1 ^-х-а 1 a jj Vi ^xiij ^£1 ^’28’33-3 ,^L)a*]| Aljla j-oj c-Lj! x'jll j ^~ч^к11 Д -ujAiA (JLoC.1 jja*J 

dillila]! (jj3 AjjJjuia o jJajj TEM (JLa*Jjuj! j^AJ Л g a*s *ч j A_iaja£]I Jallj]! (J£juj 

Jl*iiV! Ja-aj (JA LujLuj! (jiLjj (Contrast) JjL*il! jl (. JU j jJjj-aJ !л£л ,V<i»'n .'iUa» aII 
JHLjVI jLiL La£ t jjjx-aill Ja*jjaa]1 ^jj^J! Ja jii ^a jj*5jj (Strain profile) 
Jajjuj jl -l^j Jil 2^2^ .<aj3J Д ~чЛа j (jjA\Ja]l J£juJ1 jAjuiSj s. J A"n . J — L_J. 1 . 1 8 

[001]BF Ja jjI ^ A»j jl j£-<ij j£]j t J£jjJ! li^. I jj* * «a 1 jjjaj ^ A»j (220)DF 

22.A-1aja£]I 4 LaVJl Lij*\ a jc. fillie ClllAji*A 


Я -j jg -ул\\ JLa*2jujIj clllj jSaI! j j£uuj]l jC. A_iSLjaj lIjLa j]*a ^^Ac. Jjj-a^Jl j£-<^ 

jjjj t JLaaII Jjjjuj ^^lc. 39-43 .(Scannig Tunneling Microscopy - STM) Я^А а] 1 Ajiijll 
Ajji AjLijjujL clLq j]*a diLujljj 1 л£а j3jj STM Sjjj«a 2.18 J£juJ1 

-ч а\1 оЛ1а]| jlaSj Llijl jc. Jjj-aLli <Ja*A c l^iL j£aj <Jjjl_j]l ^_Lj]I J£juj jc. 
Jj£jj]1j JLtiiVI Jjj-aLii (Lattice constant) VSuijll CjjIj CiLujlji Ljajl ^.La*] 

. ^ jJ.liij\J ^gJLx-ia ja]| 



аШл InAs Су> Abiii 40 x 40 nm 2 jc jJaU STM 


a 2.18 JluJI 


. (а-Ь jjiii ^ j -АИ j^jlaSI Cy> jjb 39 ja.jAI Су>) -^Ja >JI AiJalij 
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. л\ LanL/l o.lia. 4 ja ja^\ 1 jA Cllllila]! dJIxja ^al j£l 4jx>Vi 1 xVajl j^AJ 

<a±La 14 (_£.L ^^_а!а Aj-qjx£ Jalij jj^]] A La t!l\\W лИахл]! 3.18 (J^ja]1 (JJJJ C(JI!1a]I (Дии 

AiLq ti]]j 44 .\g \\\ ^j]I <ija]i ^Ji A q_U j)-o ^jjjjJi A aJoVia A_ia ja^\ 1 -lallj]l jj£j n^. 
4JU. ^^Э SjJJ^ А_1аД 1 Ljajl ^Jj c Ajaja^\1 A LaVJl Cljljjj] ^Э ^LlJij/l j__Ui.iV J 

^-uiLujj/1 JW\a\ 1 t(_jx_a]L . J.6.18 ^joi^]! ^^Э VuisLlluj La^ 4^^VjjjLa]l 4 jaja^\1 A LaVJl 

<Iv1jja11 CjVU 11 jjj ^g-AjA^>\l ^jjISjJI jj^]l Vjjjujj (jl]l (JjIiula]! (JL-aajl A La^ ^L a] 
j^AJ . 1 Лл. Д_н j3 <j j jLa]l jJC» A_1 a ja£J 1 JalSjll Яз\_1а dllj jlluiA j j£j jl L_J j^, j jA 
i_Jc.l J i . 1 н . Гп ,jl ^ljSSfl (Strain changes) JUiiVt CjIjjxjj .jjjSjllj t aajxli 

£Juj jj 1 1л (_£ljj .ojjUa\1 Ajaja^\ 1 Jalil]l ^Э AiLLa]! (JjJ-uia ^Э CIjI jjjt'ij jLU^/l 

£jjjj]l A > j l djljLjjVlj (j-a\ aViaVI JajLvs jjajC» ^^9 iLljl^ ^}j£l (JjIUja JJC» 
( Aja ja<;\ 1 Jal^j]l jj ^al j£j/ A. j JjU JJC» Cljlc » jjja ^Э (^ ч\"г\а A^LLa CjLjJuia] jjaJjx]! 
-LaUi]l (J jJuia j -иаЭ jA j/ 1 j р jial па\1 JJC» <Jaja^\1 JaUi]l jjj A W ui\l jUlll ^jj 

. j-aljJA J^j Uu.Ua]! Ajaja^\1 



TEM ^j-jajC- UjSa .LlluAI^ 5-1Luuaj Lj13 Ад]эааа AjajaS LHj Л_а jjjj] JjjJ 3.18 JiUll 
111 J-a InAs AjajaS LUj ja АЛлЬ 14 jA 5 -a j£ jj^j j j jjlSl Jjjlll AJouall Aj&jaI] 
jA jiL 44 2 t^ja ]1 Су) Ю.О nm GaAs ljI^Laj iUailAj 5.0 nm aIc U jIiUa 

(WILEY-VCH Verlag GmbH &Co 
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Luli лул AjiajjS blill j^tl 3.18 

Optocal properties of self-assembled quantum dots 

. >аШ 1 JaLilll 4з1_1а]| viiL ^iubo 4 i л \ \ oAiLq jj£j jl 4_ijjiUI CjLqjI» jII jS aj 
jji J j L c-UaC. JUa l_^J 4 _iaja£ 4 Lq j 4.18 jj£-uJI jj. л! cJLja]I J j ■ ■ 

LjjIj UaAaA jl 4 _jaja£ 4 Lq't I '■*+ I J^aj . ( Wct ItiyCI'-WL) AjJajll 4 q W II 

(Bright [001] jiaUUI JLi-all JajL J>AjJa TEM (plail-vieW-TEM) JjIaa jJala 
LaL c4_iaja^1I 4 Lo Л jj^S (JLaxjuIj cJLIaII Jjjm (_^ic. • c_j. 1 . 1 8 J£_jJI Field) 
. 4jaja^]I 4_iaijl] 4^Ua]l CjLjjJiiiaj 4 i -ч jjl JIjUI t_jL__a J>Laj 4 4 .18 JSjjil 
.4 ujc. JUa 4J 4jaja£ 4_iakj] 4_iij ji^]VI C1iIjI.1a]1 5.18 J5jjJI j - ■ _aj cJLja cUaC-V 

Ii2j c ^UI g, f, d, p, S t "'l' | i;U CjIjIAaII i. LnuaJ (j^AJ c4_ijLa. CjIjJ £a 4jjJu]1 j 

jl_jA ja 5II jljOxll ^l jj]I ^jlc. 1_аД m j n Ujja. ‘ 1 = m + n 4 ja ja5II IaU^c-V 
(^jialjj l-jJjIa jj_a£ SJLa ^ cJHUI Jjju ^Uc .(Angular) (Radial) (jjJaill 

JaliA (j jILja j ci-4iJal] Z = 0 (Single-degenerate) JjiiA — Jaii ^jjIaa 4ajj c JUi 
(Triple- (_si£L j — Ja_iA ,_5 j1aaj cp-4iJal] ( = 1 (Double-degenerate) (^Lul — 
4 Jaii] 4il_ia]l CiUjjjaa] I ААЧа 6.18 JIaUI jjjj . ..^Ul crf-4iJal] l = 3 degenerate) 
.( v =s, p, d,f, g ) +JJ 4iJaj jjjjSJI ciiliJa 5 L^l InAs/GaAs ^ Ujlj LUja 4jajaS 
c JLti]l jjLUJI (_gjt Uall — j jaLU j Л j j£U .CiUJJI jjj Ujjii 4 jjU J*_a3 4з1_1а Jajj 
l = lj ci 4lUa ^1 = 0 Jjja. (Degeneracy) g v = 2(7 + 1) JljLajl Jl jjii j*j 
jUaJI jAiA 0jUll JlijjVI .(Spin) JjiJ jA 2 JaUJIj . ..^UI cp 4]Ua ^ 
CjU jjjill jA 4 JjSja 1I (Excitons) CjUjjjLaSjVI jjj Jlilil LaLaI jA (Interband) 
(_ji ^U! D, P, S diYlijj! (_^]| 4_ij ja cLgAjii 4 ja jaSII U-ic-L/t dili cijlii!a]l t_ijijj 

ji 6.18 JSjJJI Ujaii jiii 8 .(Photoluminescence-PL) 4jjjj_all UjjU+UI L_jjUji 
( Recombination) xJAaUl l ojLc) jaj ^^ic. JajUj ( State— filling) CjVUJI ^Ja UUiAUjj 

4.IC. ji]l CjUjJiaa]! jjj oLUjjiaVI jllV Л ха ^ic-j c(t v ) 4 ql"4 Ш C'l о_Ш1 CjjliUaj]! jjuJa 

Iaia t—jjjAj (_s_iU)n CjliUa]l d Ja ^jlt Aajxj ^jUI (y ISL ) (Intersublevel relaxation rates) 
(t d ) ЛаЦЛ jljAjjl jA j ii!]iSj c(Pauli exclusion principle) ^jijUi Uxjjja VI 

CjI jub Ja^j jjiiA (AbAaU 4_kjAjA o jjj^ олд 8 .(т с ) (Capture time) c-iliU'VI j^jj 
ллс. jjxjj Lo^jcj (Multiexciton complexes) CjUjIiLaSjVI SjaxIUI CjIUxjUI 
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AjjUall jjij Jji.S/1 I ЛД (jJjj jl Cft A } *А_1а j-Q^'l AJakill ^^Э CliLi jjjLui^jV I 

o^c. ^ l_i jkill j dalj jjj^IVI c_kil£j jli ttiUk ^-о j 4 ^ 49 .meV II cjl jLic. (JAa ^^ic. 

c." il'jia dsl к dbtjjl c_fll_iLal <_£jjj Ajik dl jJalij 4 -4jVi <Iaj| jlo С1з1_3 jJjLui^j! dVL^. 


4 _LaJuull ojjt^'l <^jU 1 a 1 I t^cl! cd J pj S Aii j jj^lV' dlajiall £a l^JaJj j^AJ Lli jjJ^lj 


dllllall окл 4 La^ jLo j^AJ 47 ’ 4 djijA ^jui~4 AiLLa dLjjluiA <LL^. ojlc-l <jJajj*_All 

^J (jLUlII ^аЛС. £-Ld! (jJjj c" 3J*4 A_ 1 aja£JI Jalajll j)A dlcjAa-A aJL^. ^^Э 4_ljjjj£jVI 


(Linewidth) Jajk jiajc. jj c^jl i^nl-^'l ^jaSjII AiLL j-o j*j-al AiUall ^ с1зЬ1к1 
(Full-Width at Half-Maximum- ^g^SVI ^JI i л!с. JaI£ jla jxj dlxjjVI 
. ^jjjl! ^C-jill AiLLall JjJ-uia ЛС -Ijj jx j*_u^al jjfL FWHM) 



InAs j-« j jji i iual f UaC JLulLujL LuIj ^тд 4 jaja£ 4jalj jja£ AaJaj 4.18 Ji-uill 
46 £ajaL! U-e) -P-Uac 4JLIaj GaAs <JA Sjj£ J ^ 4XdaA InAs ил uja jj AlUa jjji 

. (Aj£jjaVI AjjL jjil! A j» лу\\ JA jiL 


^ic. Jj^^a^k'l l i^j ( j-^jl! *L£! c^ddill 4 _iujLuj! dliajuj ja Д_и d lILa jj! Ла. j Jil 
Sjlja. ■ £ L^.jJ c-Ljj! JJ^. (1) I jjLjI! Jja. ojLa ЯЛа. dlxjj! AjC-jjl! 6-lia. 4 jaja£ .Lalij 

(_£ jIlua ^Э Aj L_3jC- jaI! ^C-LjI! ^ic. (J jx-aaAl ^aJ (j-QJ б4_1л ja^'I ialijll ~ч "ч J ^Уз" 6 jdjl! 

(Strained material) Ai*iidl SjLJI JSL l-lsj (2) 10,1 ^ 12 .^^! ^jal! aSUJI 


jalkill ^iljd ^£dil! <_ iji^j a jLi^k^ jAi ojlja. ■ £ L^.jj j£i lij3j !лзла! ^lnAs La^ ajujjaI! 
J JiC- ^i! AiluJaVL jjLll! 6.1ia. *jLa dVL^. ^ ic. c^sJ jA 4(Jjuaai!j AjAjdil 
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(PL) a yj ‘ LjLjjall 4 q ■, 1л t4_iiLci 5ilj£ tajlc. t *цл diV 

KState-filling spectroscopy) Я)ЬЛ «.Jj Silik* Lk jJl 



Jj'l л-. -vSfl AiliiiJI (jkjfr jja .Jojjfr JLui u|j Aijjok <Uaij LjljlXa 5.18 JkuJI 
ijfrbUj (п) AjjJaiil Ajjj^iJI JlJfrbU jjjiiLU Aj^jjUI aJIjU (Probability density) 
jkaj tAjijlaJI LjljlSI £л AjLujJIj .j!aj Jalij aJC- jj JaaiU Lj£ (|/j) Ajjljjl AjjjoUJI 
. I = m + п iw>»ill eijfrSt liij .... g ,fd,p,S CJlLla ^l JjljllUI Цшк 
J jjjajj l = 1 ^jJjjll JajDj tS AiJajj 1 = 0 JjLUI jajUI jjluuUI tJllUI Jjjjj 
J jilj ^jJjj — Jajj (_;jiuu _jA ^jjluia JS ...jtJI d — ALlaJl 1 = 1 (^jitjjl JajUlj t p 

.(SPIE jj> jjb 48 j -л, jjJI jj) 
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tilllu xxaauil AjjI j InAS/GaAs Су 1 AxajJ AJaii AiUall Cjbjluu) ЬЬА л 6.18 JSjjJI 

Lua oliHJalt jjj AjjIj Ajjj Jj-a2 AiUaj (v=tl, p, d, f g jjAj AiUaj jjUjjj£i| CjUUa qju^ 

j ts аЛа (ji 1=0 Uua. g v = 2 (/+l) Uc- J 51 aJI j t^jiaia jilLa tjjUab Ajji jjJ ^Js- Jjj 
jjj £xaJi! Ac jjlj sjltf'l jjj ^jJc- lAJLaJI f Jji AiSja. JjujJu . jJI ./) AJLa . /=1 

jjijj -Yisi Ajtf. jiSI JjLjlujaJI jjj fLajjjuVI JjVJ*-aj -X, Afr jjloll jjl jUall ti „3 JjliUajJ) 
AjjUjjill Aj*-aaJI jji jjU 8 jjJI jji) ,(x c ) с iLiliVI jjsjj (Xd) ALaLaJI jLJjjjl 

.(AjljjjiYI 


cjL . аЗ jji (jjuLjjjU jl t- . j tAlxixall siLal] jLia-all jjull (JjxjJ l*jj 


< 1 \ 


Jjj -a^Jlj jj! jjli Дис. \ g K Jli j^j jjlajj jl 4 - 1 aja^\I JaLaull ^LajuJ] ^ 4 jj! j^. 4 ufJLtA^ 


^lc. (JjA-o^k\\ V 4 x.ja^_a]! x-oj ^illl L^ I~4J ^4) ^c4c. ja^ a\\ .llf. ^aUalii! ^^Jc. 


*Lul (Indium— flush) ^ jj-ii) — s <aLa/li 4_ii£i (J\,a*,*uJ (j£-<j (5) $^s_Lui\jA jaj 4j£j^ 

* * л 

JJ^ula ^!j£! I Л j \ 1(),13,28 ^^^^ | ^ i\' \\ 4 jl a 3-J 4 t рЛ*^ ^ j ~n. Л Л j.^4\ l Lil Q *Л 1 4_l^a*_3 

4 La/i'lW лИэАа]! ^Э L_Lui^]I oU-jj ^Э ^UaliiV! 4 'Lix ^ j tLiili 4 4 jaja^ JaUU \, u*),Vi& 

J^U! (j4fA jA La£ C JLj,W'i\l 0,\l>\! ojLia]! CIjVUU! lIuU 4jaja^\I 4_Laki]l CLljjUJ 


.3.18 


L_al_iial j^Jc. (J jja-a^J! (jj^. .<JUJI £(Ja 4_jjg > a ^Jc. VLLo 7.18 (JiLil! jffi 

ajjj ]У<1э c." liiAj] c4_*Jai^_lA]! oj\jV! -lic« .4 q\‘j4 a *oj\j! CljlAui Aic. 4_jjjJa]! 4^\jjJa]l 
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А_иа ^_a£]l Jallii] ' л1л1лА1 'цк jjj—l ^ic <] v j' J 4 J , >i q -ч ^ 

(Intersublevel) Ajc-jill CjLijjjab<i]l jjj «.LkjjjjVI CjVa*-o jl iJ*i]lj .(s — aIjL) 
iilc.y jaljjll (Interband) Cjlalkj]l jjj ^LuiiL/l (Lifetime) j^*j Aj jl£o lia. Ajujjjj 
C il jjjji]l Ci^a. Аа] . Ai 3 jjjjj]l CjUiIiII ^ CjljjjjLAjVI (Recombination) л-ьаа! 
(Quasi-zero- jjiua AjL a»j CjI j ^^jj ^ Aalk]l JjLa. s-ILjjjjI AjjIjj sjjLVI 
jjjjial ^jic. Ал^л Ajjljjja CjLoilSxil ja liliiJ L»i 54 5 ? xjjIj jaj ^^ic dimensional) 

Л- iai Jajl l Ajiaii AjLjjo]I Ajj ^jiLil lalijil AaLla 1 jjia jja jjj . Алл jjLLil A ]ai д]| j jj] c I jl 

jj£j IjjajjjaaJI A_a,j ^icj .^jjujjail jjJi]l JAC. a-LkjiuiL/l JjLlil IjjJ^ (jjjil 

j£j La lcjia-o j jiia (Longitudinal - optical - LO) uji^ lSJ^ j^J* LiLxjil 
. AjjjaII LO — j jj jiil Aalia jl jLaj JaJ-jaiL \ ^ j jc A I . jiq'i л Jaliiil AaLia CjL jJjjia 

(Jjxji ^ (_ £jj (jjaliajL t 1 1 ■ jj i . a aliiii ajlc ^-ail aLkjJjjiLfl I J& jiji jl jJ jLail 

CliLillj aLqL^JI '^.aIaL^II $.Lk jlujl 

1-55 ' 62 . jjxlail jjjjiil CjIjjjJjjij 59 61 (Auger Type) JJJuji ^ jj jji CjIjjjJjji Jia 



0.44 ju ojLiVI oXui ^ jLjjVI aJ^Jj Aj-ajj»£ Abii Cilijb fju AlL», 7-18 JSjjJI 
e jl ja Aa jj Cil j (PL) Ajj jjjLl AjjLjja]l A jAljha 250 W/cm 2 j W/cm" 

.AjjL SjIjVI A-aja. aJjj jjSU Lajic Ajjaiijlail CiVlali ^jjja д ^jmu ia^ji .Ajjaia-La 
CjVlaJI jj JjLaALuuail Jjljjub AJIjV ~ А1.,.л ^jjijlc u-kjiUj aJuLLI JSjjJI j^Jaj 

. (AjS jjjVI AjjLjji!) AjxjaJI j-a jiL 8 Л? Jjil jj A аГ.А jll 
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btiW ^э AJLaJI $.(Ja Яиэ! jLa j)A a_jliiA]l LliVLa-I] Ял -uiaII jIac.V 1 ^Liiiuil jLaj 

;6.18 &S*W Clljjj-a La£ djlliLall j 1 “ia‘i taj\jj/l йЛи! jljjjl £_a ^ .7.18 

AJLaJI j)-o (_£ jsl djlxjjl jaV! jiJ 4 i^ajj c jjg hlb SjllJI ^JLaJI CjUijI 1-iijj 

J-jaljJaA (ja.V c j£Jj • (^gJc'VI djlqiLaW (x v ) £-uia]1 ja*1Ij <iiLall (J^La-iV buj AjjJajVI 

4 JHJI JjJjoi ^Jc. . IaL*i*Via Д ,-Q^U]l Д -aj^JI Sjljj 1 ia‘i jj£j jl j iA^jSJ ЯАа. ^Ja 

ojIjVI luI-L. j)A JAJ-UiA (JL^-A JLaxLujI Llix3 JJJJ 4^2kijAi ^UUJjlc. 6 jljj Ja-U ^JLi. ^Э 
jja. ^^Э й jIjL/I Я -iIlc. jj^J ЛЗ j*\ aaII 4*qJI j£ja ^^Э 6 jj^ _>л]1 Ajaja^II Jaliill jV 
SjUL/l JaLul ЯЛиа. ^Э . jiaikl ijljj oJjuj jijlc. J-aj^ ^^_а.1_1а. jjc. 4 _iaja£J! Jalij]l ^jqVn 

Ji^Luia j-aa -Э lUti) ^^Vl djlliia]! L_j 1 u»i«\ ^Jc. ^““^iiLa]! djlxjj! jj*JJ t А а 1 Упа 11 jj C. 


Jalij]! ^ЛС. Jbjjl ^ \ Utii S ~ AijJaJI djlxjj! £J-uiJ j] i~*113^j c4uJaia-iA Llll.luj <Ja-ujl jJ 'ijJJ^ 

= л 

LS^ .jHjLc. Д -oja. jA йЛиЛ ^uJaia-lA]! j.ia.1 Wll JAaj £a 1 J \зе Э j-aa-SJ ^jiil Ajaja^II 

djlajJa]] jlliA ^LiuJ ]У^к j]j tajjJJ! Д аЗУУча j-aa -Э J-Aja. (JIaxjj-u! jj^. c7.18 (J^iill 


cdLa Sjsjjuia]! Я]1а-И 4 аЬУчаИ o jUV! Я11л. (jiA ^э .o j пУаИ CjljjJJI aJL^. ^^э dj pjs 
1 Ag jj/j Aj-Ulj £-А <JjujljjA jjjija (jV ^XjuLa]! JAxl! <jjuij jj£j ^Jc-VI Sjl3yi Ла. L-Jjfj 

. jjjijJa]! jjjlA (J^la-j! <jjuij jtA 1 ui^c. 4 _iujl_iiA j LiuoV I Alc. 

4,)У*чЬ1-а iJ_JJj-uea]l aJaL^JI jIuuluI (J jJa]j 4 _iaja^] 1 Jalij]! 4iLi^] Lxjj iluJaj! j^AJ 
^xa PL L_u)ajj]! <iiLa] Lua j 0 jjLAJ-a]! CuLuoljJ! 0 aJ j^AJ ;^у1лаЭ .<j)aj]l <ija]l CllLxij! 


^gJc. (Jju-aaJI L ) cc—liLajj]! Alja djlxjjlj Ajaja^II Л Li ‘ill ЯЛиаЛ £(Ja Алэ! jLia 


(jiUl AijjJa l*]] i j3 jj . Aja ja£J 1 JaLLl]! ^JI L_liLa ji]l Alja j)A aJaL^JI (Jlijjl CuV Лха 
a_iaja^]| Jaliil! aJU. Lujjju (Auger) jj^jI Liliill (JaIxa ju^jj] j 4_ilii]Vl luV^xa 
< iiLa ^э aJaUJI jj£jj ^a jjji LiliilVl Lli^ jl ^JLii]! jjjj ^.Liili Я» a*s а11 

(JLa ^Ja*j .L-filijJVI Aj£j^. ^Э jj^.j1 CuIjjjJjuJ ^aII JJ-j]l (^gJc. (J.ll Iaa 4 L_liLaji]l 
PL LliAj ijjl-AJA]l ^xa Ajaja^H Jaliil] aJL^JI <l(Ja J_i 3 l_iiaA ^aVi ^jill LuLujIj^]! йЛА 
Lja jC. LjjjU aIaU. jj£ ji ^LLai ^Э aJaLJ! Aj^ja. AuujIj^] 0 Jjji AijjJa L_llLajj]l A_iila] 


^ajujj 4 -j| • j}A j]l £-a LU^LaLaJI 1 ЛС. t^JLaJl оЛА ^Э i jjxjj с.“п*ч CllluJajjj (j-a^qll jc. 

. jj^. jl luIjjjjjujj jjj jill J^xIa] Aj±uii]l AjaA^U 4_1a£ ^ijLL jj^lj 


L5^ 6 ji-Lc. 4 ji jJ jl ^uuiiJaixA jl~4 a A Laujl jJ 4 _iaja^] 1 Jalii]! juaa-U j^AJ 
J£u^]l jJ^J 4^1 ЛаЭ .<LUJI Liliill jC. luJajlj 4 Ajaja^II Jalii]l j)al_ii jC. LuLAjixA tciiii 
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Jalij Яс. ja^-a ^lc. 4 1 8 Т J 0 Т LjjVL^J t4 K Aic. 4JL*J1 ^(Ja AjiLJaA 8.18 
4 Ъ\1~х\\ (j-o 1$. ja.j p , £ djl_liLa]l 8.18 (J^-uJl )a^\j .Л^лЗ^ Д -lj jjl£j! clllilla AjAiq 4_iaja£ 
(JLa*I1ujI (jja. ij il-jA AIaAJjoLa]! 4uJaia_iA]i ojIjVI ^i\j£ ^Jj Lo lc. jj lJ]a Ajxj ^Jaia б/ 

.йЛА PL — 4_ixiilai*_A]i Ajjali ^^Э SjIjVI JL-ajV jji^ j)a3 4_flj] 



• Ilffl'Iffl I »TIT r » M f 


860 87Ь 900 925 950 975 1000 1025 1060 1075 1100 1125 1150 

(nm) 

^jk AJLluiVi S -lia. Ajj j jjili ljIIiL LgJ 4ла Jj*£ JsIIj Яс- jj^al 4Лд f J-a L-flLLi 8.18 j£-uJl 
^Ji J^JJJ LlxJi Ljliikli Jjl^Jl a\\ JIajxII jijj .18 T j 0 T ^j-uuIajxA JIauj 

.(SPIE (j-® L^k 48 JajaI i (j-a) 4 fl Tali p.Lu SjIc-J 

VLualji jJfllij 6p-4 k\\~x (jjjiJa ^Jj VI ks-x <\ ji L^jjJa j L_fll_lIaVl (j-iJi 4 j]]i £-о 
^»ja.j] liij (^Jc.1 ^ **n)aj» a Jla-A Jic. AiJa s-Lij Sjlc.j £-о d-4AA a] CjLiJa l!j!>Ij ^j 
4lA па\1 ЦЛлэ! CljLjjjjLu^jj (j-o (jj^A jlc 4-jl^j ^xjaVJI adc-j ^_Э j^-aj .4 q\j4 a 4jj 1 j 
4 ^Ла n tJjuVl Я -jjL^a 4 aI~i\\ ^^Э CjjLj jjjLo£j)/ 1 Ljllj)a3 L_fll_llal <jjliA j^AJ .4_flj*jJa 
^ l xijJa j» а\ 1 (Jl'N а\ 1 4Jaj-oljJ ^А*Ч\1 jJal_jj]l jJaCjj 4^_ujLaJa (jjjjl_ui£jj — ojc. CjiVLa. 

4_LjjJa]l LjjXoUJl jLoojl (jl PL — 4 j j)Vi» a L_fll_Jal (j-o Ljajl ^_iJalj]l (j-o 
4_ijjjjji£jj-Jl I^jIjIAaj jljjLjj Ц_эШ1 j 4 _iaja^\1 JaliJl ^Jj L_lJajj]l 4iJa ja 4 \Тпа\1 
b CjJ Ajc. 8.18 (J^-uJl (j3 L_fll_JaV 1 Ja~ 4 (^Jc. J j-uia^Jl (J ja. . ^■■unJaixA^l JLa-Jl ^Э 





^uJal j (J^joJ jl J jj . LlaJ jJ Aj jl ja £_a^ 4_uiij (jjjLiLall ^^^Jc. 4 \ \ ia j AIIjIj sja 

tjtl CiVL?-a Aic- . JbcJI Jb^jl £л (Wetting layer-WL) (-jjLjjil AiJa Sjji ^liijl 

д 

Jajoi j!1a AjjouIIj j» xjoI Ia jUafll С1з1 jIAa ^Э jl JjUI ^lc. AjJjjJall CljLalaJ! jjl^j 

. jLaojVI (JjLj ajaja^II AJakjl! jjj lc-IjjI! 


4_iu> ju£JI 1з1Л11 J AiUail jluu LuiJjA 4.18 

Energy level engineering in quantum dots 

dlljluj aLC. Л1л (JUtijVU (ja^j^uJ! ^gJjiLuJ! jilil! e_aliJaj-aV! A A^LLo dlj^ 

^э c_ijc. jU! jj^L co^lc.1 a_i 1! jj-iu! La£j . t— i jjliluj! j£ — ^^£-uij! j!1uj Ajljqj ^э 

^llttj t4-iAjA^II ialij]! j-o diliUa о Lc. 1 ^ 11 "|а'| j! Ajjj-aj]| Ajjjjj^iV! o j^-^V! Aila. 

1ь j^-j i jj3 л!л Jai3 t j^l j .*jjjj£ a_iaa! !i Ajjjlil! ^jJ! jjj jjjfllV! jl jiiV! jjfL 
JLC. LgJ Aj-qja£ Jalij Ac. ja~4 a l-ll^. fi jjLoJA Ajjjjjil! dllijJa A j-o jl£-eVL ^Ja! 

(J^juJ! ^Э ^LIa ^uJajA Цд ^ajjJjV! <■ Uajoi A j'iVi (JLdXJuilj Ajajljjj]! Clll q iJall jA 

10 CIiIlc-Liaj jja*_J! I g x>i» I jC. AJ jju^ai-o diLiiia 7 j-Q AJajljjj Lolj^l Laj п*ч 9.18 
c ‘qLiJ'i jjJj C.9.18 (J£2J! (^ .Ajj^j j! ^jjJj] i л-с 1 g'jjAVi CIijjs. tGaAs j* nm 

Aijja j-° Ajaja^]! 4 LiQ Л ! -v ^ 3 jjxj]I t 'Uii ^ Д ‘q > Ajjj jj^]! A L> L-v I \ ^J 4 ^jjjj! 

A Kuia ^^gJc. L_J*j]l j^AJ .(1.9.18 lM!) TEM ]! jjj-^a ^Э (jif^ jA La£ tAjltjl! ^! 

(J^jjJ! ^^Э ^u-aj-Q jA t^jjLj^! — 1 Uajjj AJa-ujljJ AJajljjj]! ^ljflV! ^al AViL/l 

jjJjJ L_iiajui £_a j£]j tl^-uiaj JajjJJ! jxuJa C IJa j Ajjxl \jl£ jjil]! ^»9 J 4-5*9.18 
ijLj £-0 ciiLiila]! ссс. icLj Luaj! j^-aj .GaAs j^-L^. c. LAUia ^ 5.0 nm cjc. cilo 
.3.18 (JicJ! (_£ JJ La£ c jjLaJ! o Aia. A_ij j jj£l] Aijia A_nj ^Ac. Jali^J! ^х-о АаэЬ-а] 

JHjCV! J ^al > *ч*2 I jlaxj 4 j.t),Vlg \ ^Lill ^jjLjV ! — L_aiajui A j'iVi ^l ЛУн J Luiaj! j£-oJ с^Ил^ 
^Э ^uJaj-o IJa •'Ц- й ja^II A )aVill dllijia A_nj Jjj-aSlJ j оЛ^)11а АЧ iLi j-o CllLjC. aJL^ 
2.5 nm jfj ^Лл cxj m\a\\ ^ jjLjyi~c. <aA L aJL^. ^ <j| jjj jj]| 10.18 J^JJ! 

(j-aj3 Ajjjj j-o LjJajl ! JuqIijuia LiJjJ Ajaja^II JaliJI t VJjj j^A l t5.5 Пт ^J! j^.j 

^J-o t flLia! jjjj jil! 11.18 J^ill ^^Э ^-JajA lJL .А_ь_и\_ 1 Э A-uiCC- J^jjj ^JJ Vjj-^jj 

(jo jL^all Лх ill Cllli CjVLLI ^_]£i! ЛЛх]! jjjt'ij . ^ jjCjV ! < Ua-uj j-o 4 q|‘i4 a ^ajil aJL. 

Juc. ^a JJ^VL Ai jiajouJI £-0 4 n» II Ajuia^. ^J 2.5 Пт ^jc. ^ jJ-ljVL AijiajuuJ! Ajjxil Ajjj 

.5.5 nm j-Q J£! 
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м 

f jj-Ll i «l»i« a_j 

1 " 

.... 1 .... i .... i .... i . . 

(^г) loAs/GaAs QDs 

(j-u AJautjjji AejS 
^a^Juil L а ■*" "7 

л т= ”4 

7 \ E. 


,3' 

7 /лл e 




/ 1 % E 


, 5 ’ 




'~i' - 


/-V т = 77K - 


A 

7 AJojIjjjs AjsjS 

Jjjul L л .*» jj jjj 

/ /Л\ 

/rv / \\ 

/ /«• \\ 


i 


&- 

/ /Л\ 


п п 800 850 900 950 1000 1050 1100 1150 1200 

25 Пт (nm) ^j-ll JjUl 

jjS' InAs/GaAs o- a»s bllj ^ljsi ^jri' i-abJi <uiij JLoxluil 9.18 JSLLI 

JLuJI Aui.ll$_a InAs/GaAs Ajjijj»S Jalijj ^jjia j& jJalaj TEM lu jj~a (i_j) j (i) :LaUaljl 
^ljSVI jJjj .Алй1 jjLI AilaJI f Jji AjaLjbj» j^ljjj (j) J (z)j ‘515°c jjfr Ц1ьа jj Jjjii 
. ^jj-iiVL ' jjajj JjjJj вЬйлЛ jSVI > Jjjaii LaUalil 5.0 ПШ Jj& ^jjii'lfL АЗ jjiiiull 
t>) kW/cm 2 A*Laj /I Jjjaj A& jjla UiIJjju jllLI PL — й .10 11 П 1 > GaAs JjlJfrlia 

.(fLjjjjj ^jSjJ^Sfl J^JLall > jjL 13 A^JjUI 



(nm) s Яд\ ид 


xj$aj Ajc. ji!l jjLjjjjuLI j)jj La jcLujl AiUa (jj)j AiUajl jjLjjjjj (i) uLjjj 10.18 jSjjjjl 
1.9 i AjjjuS Jallj > aJjjjj Aijja .AjjjuSjl InAs/GaAs jalij Ajjaiu f Lui ^jjJjVI ‘ jjajji 
t/La^lj .60 S JJ- Ajjjjjl ^Uaiil t515°C Jic- 27 S j aLijj In As > AjjLdi UliLia 
j QMS JjLuLa Ajajuiljj InAs AJIjl aJi ja >Li (^).ЮО nm j* GaAs *Uac asUui 

Ajjiucjl ujlijjaj) ujjjjc .(cjbujj) uijjajj uiLijjaj ji (jjljj) AjjjuS jalii Ujlijjaj jlSjUI 

.(fLjjjjj tjSjjuVI a^juUI > jjL 13 ^Ajujl jj) — jtjl idj p j s : AjjlSI jjj jjL j*jj| 
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CIAjjIuiaI! ^Ual! ^c-IjjI! c. <aj! jj j^. соЛЛ jajI! aj! j^. .^uc. 

cijljjxJ! a!\^ .(l_j10.18 cJ^UJ! jlaj!) ~65 meV J! ~35 j« (Intersublevel) 

InAs t>a Jjiill 2JI jl 4-5.5 nm <_>« jjSI GaAs a£Luoi a*j ^jj-ii'yL SijJaJball 

^il j-e j q j L ^ij t- 4lujij Ajc-jall CllLjliaball jjj jUall CC-LjII JjJ 

AjjjL (_j U l (Confinement potential) jj«S J jj*j 1I AiUail CjLjlaba 

j£ojj . j > A II ^_Э ^qjJjVI (Jjc-J AjjjA^il JaLjil ^ L I jl L\c\\ 4 . J-4 L1 JjE-lioill 
М 1У^1 (^jcLjll a\"i<" l a\ 'La jLttxjjaiL jLSattll ^ djLajLs a L...I jj inAs Я11 jl Ajaljj 
Ajl .£. 10.18 JLLll jjjj jA LiS 4(Quadrupole Mass Spectrometer - QMS) 
Jalilll jai (Jl joill InAs jl 4 (oj jLuLttll j f . jJAiVI -L J J-C y j 4-2 nm Cllaj Ajl £i>ijj 

- 4 - nJajjll AqiL ju j| jodl dll j jjii J iaj/i<\l 



800 850 900 950 1000 1050 1100 1150 1200 1250 

(nm) ^ j-L jjLll 

jjj (jlUall jcLlLI ojLSjjj JnAs/GaAs Aj«j«£ Llil! -^^"j JLLI LujjA 11.18 JLLI 

4 — Ljj jjj jxj jiltt j» jjaWL t *ЬЛ jjjajll LLLI f . Ju 4 jj» -. л jjj :Ajc jill LbjluLttll 

Auttjuill JaiiLi 5j«jj 4 I 1 j^ jia “iflj .11.0 nmj 2.5 nm jjj GaAs <j« ALaj AjJaci 
4515°C Lc- 27 s cJ oLlL InAs j« 1.9 ML j-q aJiA AjjLj LjjLj InAs/GaAs 

сй » ajl ja. AajJ si jjj AjjjjJl i_ia jj i jttjjLVI 1 jjaLi f Lul .60 S 9 Jj» Ljlja. A-aJL-aj 
5 jIjI Ci j^ ..lVIaJI jjaa ^ 100 nm AiLuu ^l jjjxj GaAs ?Uac J «5l >i n ^ 4~610°C 
jj jjL 10 jjjl j«) kW/cm' Ajujajj j^LaJI AaUa j ji L ^l AjjjjJaJI ALLLaJI 

. (AjjL jjill AjSjjuVI Aj> « aJI 
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^э а>> 1 jjfL j! u^ tlijl j£3 La^ j 

^JajJ 0 j\Hj 12.18 (Ji^l (JJJJ сЛ! 1 аЭ .AJjQJjqSII Jalajll Д-С. jjQ-^jQ ^UVnl ^^J tA-jjx^a Jl 
\-%* ^ ^ ^v^-v Л 1 ^ jj j \-% (j^ ^J-QJ-C^ll Ш Q *Л \ Д П j j**^\ *S^l 4 Q J 1 — > \ 1 ^jjjj v^-v Л ' 


jlLJ 


д LaVill oJLau ijjlla L-iiLjill л!±!а1 (Luminescene) A^L-Jall <_£ j*li .^cUjjll 

S$j tA-Lojx>^\l 4 LiVill Яз\д£ ^^Э (J jA j^. jlj^jl ^Jj P As > 2.0 P 0 ^jc. UjI пж II ^Э 4jla ja^II 
0.59 P 0 2>л P As j ^-л .(SEM) ^uJ-aJl jjji^lV! Lj ^ Lajjljj <1л j W‘J I 
40 J! j^-i L^.1 jV A-iaj^SII д J-iVJl UjL*_ii! Jajlal. Uj*j >Луч 6 1.3 P 0 V) 


AjjI J jJal l J ^Ljj^l (>£л-Ь ‘5.2 P 0 (jla. P As — 1 ^Lja'VI ,*-3jll Jjc.j .meV 
1л& iii.jl flil .180 meV >л ji&V jj jVl Ял.1 j)/ Cj L* jjVI JajlrL j>j->V'ij ‘(PL) 

.a jjLjjjill j_ij o jjLlj 1 «jjlfljlall мда Л'и. JjJI 



>11 jtjjjjll bLj jlS j .InAs jj> J alalLa AjLjuj jLuji Ajji jjsS lalflj jjljjC j. jll A-jaflHe 
AjjjjlL jJfla jA LaS) > jll AjjC- jj> l Иа. д Ljlja, Alvllt aj IllAs JjjI jj Ajiijj > ja. 
jjjjli Ls jjAJ (lxl) Ajljall jjff- GaAs ^jbj-u AJaaiLa afllff ijj ja. >1| JasujalljAj Pq ^l 

.(Elsevier B.V. jj> jiL 53 £^>11 j->) ((4x2) a-LL Sjlffl ^l 

‘^ijjjs P As fljff jLl j ‘ajjj^a. j >" >1 fljla 5 Lllaa. jl ‘ jjaiWs P As fljff A_j| L-.V 

Ajjjjj^l'VI dllfljlall (^JLo^VI Aflxll (jjaiajj ‘ Jj j jVl jaj ‘jjlxjjVI JajlaV П jjj tjjja. 
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Jl 2 kJ! c. -llc. (J-ol£i! j^jxS! Ujjij c_ac.LjaJJ tP As ^lijj! £a .CL&U ^Jj jaaI. ja 
Sjbj 4 jc. jil! CjbjLaiAl! jjj cxUj 3 ! Ucjj l&lij t ~70 meV ~35 meV j-o с^.х^У! 
t jl!L<J! !3д .£_ijjA P As -lic- oLaIaI! CjIjjxIS jjLojl! AijxjJa diLiila ^j UCja 4 lju/i 
4_^jCj c<Jjujja1! Д_1х11а]! oALaJ! 4ja£ (Jja <L-sal! Cj!3 (J J^V! Ajaii]! CjLLajoj ja dljl£ 
Aja ja£ Jallj jaj jjjVil Д -LajJjJaAj 1 g xu<Ti 4 jj! jaJI 4i^J\_xa]! j-ojj tA-lAll]! ojl ja. 

jaj diLkxj jaI! а-> j (Simultaneous) cj^! jlUI ^Svill j! ^Calj]! ja tiillAl .^^Ло! 

A^j A3j .Aja ja£1! JaLaj]! Clllc. ja^a J-uj-ligJ (JjjjjJa ja! jA 4^cjijj]! кж xJo 1 g Ax.Ja 
jl (JjjjjJa]! ja 4 jjxJ! o-lia. AjjjjjilJ Clllijla C1 j!3 Ajaja^ JaLij djlx. jajj ^LiiV 4i! 

. Ulaia-iA ^cjj jj]! k» ksi jjfU 

JaLil]! AiUa Clllj jJjoia £a (JaIx j]] jAxij-uJ j! j^AJ 4 j^.1 J^jjj jaJ ^SVjII L_Laj j 
^jjjLujV! jjj\j 3! . jAil! aj^j^. jj! jj ^ jij] (,^"1 Sjj^jll ojlj^. J_^.j.i ja 4 4jaja£3! 

j)JJ ^Uall CC.\jj 3! ^aJ j-QJ t AjajjSII JaLij]! ^ jjjxj jA ojj£j3! Sjlja. 4_^.jU 
^xj jV <iLaJ! p (Ja Ajaljkj (jj^j (_£ 33! c 13.18 (JSxjll ^jJa ja ! Зд . Ajc. ji3! cIjIj jjjAA]! 
<iUal! Ajjj Ljj] Jj j£- 0 J l ^jJajJj InAs/GaAs (j-o AiilkA Ajaja£ JaLij CjjlliC. 
£a jj£! Ajaja^ JaLij ^^^Jc. (Jjj-aaJ! jjaj . AjajaSII JaLilll jj^j e-Lii! J_ljjjj£iV! 
jja ^^.^Jc.! ^JAjj ojlja. CljLa.jJ Cjc. Ajc.ji3! CLjIj jJjaa]! jjj jx*-a! Д_13\_За Cjal^C-Uj 
cTg row th = 535°C (!) • ^jc. c<a]ja-A CjjlCjoi Ajc. oj\ja 3! cJjjjjJa]! Ajj\jx>iII L_fll_i3a! jjajC. 

AJUol! JJjeAJ» . T growth ~ 480 °C (j) j ‘T growth = 500 Т (J t T growth = 515 “C (J 
.90 meV, 75 meV, 65 meV, 57 meV '^jU! gj* A_ic.ji 3 ! CjUjIaa]! jjj Я^ЬаЗ! 

jj J Яз\_3а]! Cjj!^c.\jjj ^SVjII AjajaSII Jalij]! ULaxIuj! jlfLal ^^-Зс. cU33 jAjJJ 

. jaj3! £■ Ljjl jUaJjoJ o jka. ^-kj-uljJ ^joji]! C i \ < j w uU ! 


jjjxj lic. jjx'n (ji3! -lia.j]! k xxi ja3I jA (_>jU ^‘>^■11 j! jjlUV! J.Aal 4 j^3j 
^jiL*. Jj-aa.j 4 -iC.jil! CjU j'ixxia'I jjj ^iUa]! CC.Uj 3 ! -laJJjJ 4 Л^аЭ .0 jj£j3! Sj! ja. Aa.jJ 
Л in. 4 V< ^ \ ^ jln. (Jjx-jaaJ! (Jj^Jj 4 j^aa^! CjUUa Л\п 4 jxU3! ^jaja^]! J^LLilU ( -ч .л 

*Ui! ^IU! JakJ! *Ж*Ь I jjU (Js! 4^aJ jA i(_^J 4jjaik! ojj£j ©jlja. CjlU.jC 

. 1 . 6.18 ^-uiUI ^Э AjUiBUa (J jA U ti La^ 4 ^JaJ_JI 
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E " E >U < meV > 


f Lui SJjSjII sjIja. jJ 4iauiljj Ajfrjill CjUjIlujJI jyj ^Uajl JC-Ljil ljLJjj 13.18 JLuJI 
^jiUa JC-Lj jj|j jj£I AjjijjL Jalij ^jJc. j ja. .InAs/GilAs AjjijjLjl Jalljjl AjjLj 

Tgrowth (м) ‘Tgrowth = 535°c (i) ejlja. tilAjJ Jjfr Ajfrjill CiLjjjjuUI ^jj jLuai 

Ст ^ '^bj ‘Tgrowth ~ 480°C (j) J ‘Tgrowth = 500°C fc) > =515°C 
f Jji AjilUaji ^jf- JjjjaaJI jja, .90 П1в V j 57 meV Jjjj jajjjajj Ajjli AjCji CjLjluba 
j^LaJI AiUa Jji kW/cm' AjuJaj (jj> ^yjc-VI SjLjVI £л >77 K jjc AjjjjJa AajLjJaj AJLaJI 

. ( AjjL jji!) AjSjj^VI A j> aa j| jj> jiL 10 *-a. Jjjl jjj>j 
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5.18 


d J * A A \ A A 

Single quantum dot spectroscopy 

j^ ajjj£ <Lc ja-\a j-a! ja jVl 1 g'n'l^Lba dlja. ^j]I Ajjx.a)ll j-al jdll 

jjaj*J Ajli^ 1 ^jjjl >*Ull jjc £Jjuj jJ]l jjfL cjl jl^-eVL £-aj «^J-ej^H JaULill 
JajU^sll jja jC (J ja. jjj-alij 1 JA (jjjlajl ^aCc ^ L* 4 J j£] j t jjJl 6 i> jULq djL/L^. 

cLbtjjl ciilaUa] j aJjij-o Jaliil Jial jUl j^idall Jijli]l Ajqjl y‘ix>ll (Linewidths) 
C(jjjJa]l (jjli Aj-Qj-a£ <Ja^j ClilxjjV ^jjjl ~n'‘i < c> 11 JaiJl jjajC. .оССхИа]! dllj jJjLuo^jV 1 
<Ja j*£]| Jalij]l Ac. jj'Nj ^л~ч ~ч jjaik jjjla j)C. Jai^ AjaajUa j)£-oJj cO. 1 HieV ^Jlj^ 
4_1 a jj^ll <Jaij]l J_ialjJa-Q ^JLola] ojjj£ CllLa-jl Clljoj^ tojjkVl Cljl jjjoJl ^Э 1-64 .<j-a jaijl 
4_1л j-a£ Jalij j -ааЭ jjj jJa j)C. 4 _a£-U 1 (j-al jxjraJl j)-o oj3j jl^Jaj ^»J 4 ^ ,65 " 68 .aCjij-<Jl 
(JjLaCVl 4 jjUj Jjc. <aJa ^-^iUa]! j)li cJiiLuJl ^Lui^V! (jjl3jj La£ .aCjiiA 
ocbj c£jji . (jjjjl jjjjjLua^jJ (j-o jj£ 1 IgJj^j jl (ji^j V j <(Two-fold spin-degenrate) 

j)-Q djlxjjl 1СД £_a Llil jj-q j^Jajj .l^jlxjjl ^LiColj s -Л q^Lall j-oli t ci-° (^j &jLVI 

aJcIjjjJI <j£LuJl ^Lj^lll CjIjjjU cAc. jj^jl L_al_ilal Я]1л. ^Э 6 jjjjojj j£]j р-Ал±ь\ 1 

; 

Яд -ujjJ jjl L Vwl oCjilU! <J-qj-o £]1 Л )аУЛ J_i 3 l_lla-Q J«q»**u J . (jjqjl, VJl ^aCC Яд -ujjJ ^ \ Ua) 

dsUjjV I й cjoj jjjj (_^ i]l 14.18 jiciJ! jj-G-c I са . Jalcj jV I jL! jjjcJ j jdlvJl ^cc 

* 5= 

— ojLy I c_il_jal jCiJ .ftj LVI AiUaj ojcil LtiU Ig'lL-a) oCjilo 4 LaVil pjS jjjjja]! j* 
Cia j ^ jj aClc.1 ^Jj <cLa.jj j£-aJ XI Cjii* ClsLtjjl Jad 4_CaidjA]! 

X2 jjjU^jVl gULjll dLtjjVI ^Jj—aJ ta^LCaV! cUcjl .^-AiUal! ^ L_ij — jjjjfU! 

(U » jjJjL^jVl Jad LLl^-j ja-<uCaJ Uilll XI 1 <jCaiadA]! — Я^1_1а]| 4^_a j-o 1 j]aju,ui 

^y-Aija j)j CjCa CllLtjj! Jad j^JaJ 1 л'\\) c(BieXCitOn) jjnL^ffl ^Uj ClsLtjjl j-aiUjJ 
^Jc.! AiUa Cjc. р-Ал±Ь\\ j)-o CiCU ClsLtjjl jg hj ttdli £_л Ljjj . jUU jsl ClsliUa Cjc. 

^UaajLo ^ sjs ifijUVI SjCii dUJajlJ j^ajUl jjJaMl ^Э .50 meV jlcLii 
cVj! »р~лАЛ a]l dLtjjl ^^Э <jiUa]l JajlaaJ! j-o lCa C j,W.a CCC. JaL Jaa j] ^ 1 j . j)JJ jjA-Q 

д ; 

jjaaj jlc.jdo c(X4) jUaa IJa CliLtjjV! ЗаЧ) jcClui! ^»J c(X3) .li^j ClsLtjj! Jaa. JgJa 

> * * 

»(X6) Cja j Jaa jjaa]l jjC^J jcdus! tl jJalj »(X5) lca jjjJjLCU jjj^Uai jjja! 
jU-a^jVU AjjlLi ojJ*_u^a Lg-jjJ djVU-a^jVlj tUjjL 1 g ui<n Ja jkaJI йСА ^Jj> ClsliUa 

.4_iaj-o£]| AJaiJI Clslija ^Э 
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s jay 1 S 

-Uaii! p- Aijiaj s-AJjjJ aJ qjjjLuiSjVI JJbla MiLUaai J& JjjuiaJI j ja 14.18 JSUUI 
Je sJjile 4_uju>£ jJali Jjlxajl 1Jf a jjxlll (jjujL (cOntOlir plot) bua all jiuujj aJjila 
ulxjjl jjljjji ^yifr AjiLLuJI jLUuJI Jjj .AjlUaj jjjLuSjV I s jJS aJVJj Ino.60Gno.40As 

uJLi jJi CjUjJI ^jJaiSJj A Uaiajj uj| jjjj Js- (BluC regions) AjALJI (jjJaUJI JjJj i Auji 
jjjxj j js i u-uJa jjJI AijJa Jiuul jui I Ja. Ajjj£ Ajju^j SjIjI AiUa ujJjatjj .■! ' Jj^ ■ jjJI j sJJxiu 


jj) ljUjjjLuiSjI aUuij jjl! j jjjjLuuSj) jjj La SjliiV 5 mW J\ 50 nW ® jljyi # jJi 

.(Ltd jiUjSjj OiUuj jj jjU 49 ja.>»JI 


. LgjUUa y-4 q U'l ujjLxjjl Ja jUa j Jc. ojjjji ujljjjiu Jjl jj tuJjLLUI j 

.LujaLijj р-Л jjjall ... JJc. jjSj Lnjjc y-4 q_iL.ll jpi (ХЗ) jjLo UjLxjjl L.A Lu jl 

Lojjc lAjjj ujLxjjl JajJaU AjtJjl j-o (X4) jjaJ jC (jUaj JaaJI I jjj (J jjLuU 

A jx . ja jJI ^l (jUajll IjA jjxj t 'j t Lja V j I c jU j ^_й j . jjVil ^l р-Л Q_iL.ll jjLxjjl _' ■ ^>»'n 
e^hj (_£jjJ .hjj£j ^Lo^ Vbl^-QjJal .у - A 4 1 J^a \l Clulxjjl l" п«ч (X5) 

.р-Ал iLall ^ja Iau^jI .ll^j tilliA (jjfLl l-oAic. ^-^ilLall ^ja (X6) «If^- j dulxjjl 1т\ 
Cj! jJaLlii] ^-ujLujVI I^aaI! ciuj^Ja! ^5j ^cjLiil! алл JjIxj ^ йЛс-ЬлаИ ciAjIui^ duj^)^.! 
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(Electron-hole L_ 1 Sj — jjj Jj£]l dll л'д» л! Ajj JJ'^NI VWt s^C.la <jii_all 

jA ^c-l j3 A jiL -II CjI jlaLjjll (JjLij i^^jxjill I ^ .Алл jj£ll Jalijll ^ COmpleXes) 

.67-49.47, 46^^^, J 


Quantum Dot Devices 


Ajjj Jjilll AbiUl й 6.18 


^^3 4jjjL djLijl^-Qj j 4 x.jILq 4j-q j-q^ Jalaj *i jg_al l adqll IJa ^Э (jjo^Lij 

Л linjQ o.lij3 jualja. (j -0 SlULujVI (j^-ol (JxalLj .4-jjx-a II A_ijjjj£JVI Cll\Aiilaj]l 

Л > >i t jct. L ol j L-t l L ‘о Л j"t j l uX !4 ji^s t\ l 4 j 'tj j"^ l 4 ^ I l ’’ t l Q n Wt\ l 4_1 -qj-q^] 1 Lt l Q*t\ l j 

jlajC. t&jljaJI 4_ajl] 4_daadi-o 4jjuiLuia. i(L0W chirp) 4jJaAdi-o <LujLuj 4(jUai]| 


. 4j ^LcJI L-J jj» 11 £_ii-Q Jajjj j j ( (jJjJa jojLd-Q 


(900nm - 1 .3|im ) A-ujiil *! ja^JI Juau AjuibU Яил jaSJI AJaili! lj! jJJ 1.6.18 
Near infrared quantum dot lasers (900 nm-1.3 цт) 


jiiljjj] Lujji^J 4.18 ^_udk]l ^э j1loi 3 jj ^ji]l ^jjJjVI ^ ^LaJi 4 jVq'i (JLaxilujl j£-oj 

^^Э TEM 4_LxujI jJ oLijl j (_£-J] 4_iLuua ^UaiiV! (jjjuiaj £-0 djLuia-*j 4_1л j-a£ 4 LaVi 

( Luaj (jjjj] JjjU 4 La/j ill 4д1а1л]1 ^Э 4_i-oj-q^]! _lalii]l йЛД 4_иш j^-oj .3.18 (J8xlll 

j-Q jjjll diLajal! £-ij-a (jja. .15*18 (J^jjJl ^jJa j-q jA Lq£ . p-i -П (Ju-aj-Q 

£-л t4_ijjui-Q jJC- ojlc. 4 Lxl'ill 4 д]а')-о\1 .H-^jUL <Jj-ua-q (jlc-l (jLlai й ja -Э С1з1 j Uj-q 

П -^jj (j-Q iLxill dil_li]a]l (j4J 'ojjauj JLq 4_Iajuil]l 4 qJa'ixtll CllxjJaj . jjaial (jjllaJ "ija^ 

• 15.18 (J8xiill (Jijoi! (jliai]! РгЧ a ^Э ^ula j-q jA Lo^ ^?-^ji (j-Q l )\x 11 djL )lall j 

£_A.i jja . j c^^ilaJ! (jjiAjLillj ^^Ac-V I (jjjJall (ja-QjLil! JaJjjjj (j4J ^-oLol jjaii (jjflajj 

.4 Lxl'Jl 4jj£j-<Jl 4ilaj-<JI jaj p- CliLjIa]! j-Q L_Jji!i]lj /|-djl_aja]l j-Q djLjjj£lVI 
ojda-Q Igxxiqj ^-lAaj Aixj j c4j-qj-q£]1 idVLa]! ^ diLj ji£]L/l j uj j£ill ^djjjuJ 

4j jj^aj 4jdu j-Q ^cjL jia-o djlxjjl j-Q (Lasing) Sjjj]]! c"i.w'i .djLjjj3 

j-Q j cL]jIa ^aiaJlj ^qLqVI jjgjw j]| j-Qj tLiiLa, ^jjd-ojLi]! JaJjul j-Q (jj^-oll t flJjaj]! 

t ilajui (jc. 4_uiljJ (JLqxJjujL .4j-ojj]l ^Lall ^^Э 4 Jaxxiill 4 д)а')-о11 ^ijj-o]! jLui^ijH (J-qIx-q 

t. alad £-q 4_1-oj-q^ 4_laaj (ji (jjj j] jjJ.i ^J-Qx-a'l j8-Q 1 4 10. 18 (J8 xiill ^Э Lo^ ^jjjijH 
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Jalij ja ^»1 j£l £A ^-980 nm ^JC. AAxiajl Я11_а. Cjbujl jj3jj 1 3.0 nm .Alc. Э^1 а jJ-ljVL 
6 10.0 nm jl-JLoJ 1 g *✓?*,) jC. 4 L/i4 ‘)а CljLilla 7 j-o 4 _jj£aj ^LlaJjL IjjIJ <i]aA-^A 4_1 aja^ 
jjjjj c77 K л!с. 0jtij 1л£д 16.18 cJ^-uill jjjj .£ jIIa aJIju! ^jjs^ dilxjjl ^JI ^jjjjj 
Ajjix^all CjLajlall ^J^j (JjoLjII jj-lj j^AJ *300 K Э1с. Ai^ljAll 0j\jj]l 17.18 (J^jaII 

Jakilj j . 4 \'\я II (Jj3 La J\ jLjjJI jia. ^Ljj Lo-llc. j^-all CjUjjVI ^ <LkUI ЭхМ1 
^aLijj j tajjj-saall AjjjjBI L-fljjl V j\I Я11л. ^Э IjLll 4 jaja£ 1I Jalijll Cjliila ^Э ajjjlll 

ji 

.(jj£l UjA Jajoij) L-flJj -чМ! jjla jbjjl Aic. Ajaja^II Jalilil AjjJajVI CjVL^JI ja_j 
J th =15 t77 K Alc. ; ЛлаЭ .(J t h) jLMI Ailjil l^a. <jjaia_lA CjIjjc. jjq^j j^Aj 

J th = 125 j (/?-<ajia) JjVI S jHMI AJLaJI 2 mm <1 jL 6 j jM l-Ijjju ^JU. ^_з A/cm 2 
© jjM u_fljj=L 290 K ^jc. .flf-AijIall 1 mm SjjM L_fljjau 5JU. A/cm 2 
cJ-iifLJI ^ Sjjj] 2 _a 430 A/cm 2 Л JlfLJI Iaa i_uxll SjLj Cj ja. 6 5 mm <1 jL 
13 ./-iij У1 J th =490 A/cm 2 U j-J Ajjc. 1 mm <1jL jj-aSI u_fljjaul jl£ jja. 


Ajc. Ajaja^II <Jaij]l jjM 4_nj (j-° 1 jLJl Aulaij]l djliiLa 4 )a'\\ c5jjj j i a ]l (j-° 


4jaja£ 1I Jaliji] ^^Ljaj ^UL jA ^jl ^Jjlij] (~540°C) AjJaiaiA ojlja. -LajJ 
j jaj Aja ja£ 1I 4 LiVJI jjj A^JJ-uii] ^^IklMI ^ j-LL ^aMI Liajl ->g aII jx ijx^IL . jI^aII 

4 jaY'i ^-lAjl SjIc- ^ JJajj ^j]| AjjjM]! CuLjjMI Я11а. ^i L-ajj^aaj i4jaY)II £.LjI ja.UJI 
Ajc. AjjL. Aulaxj ^xa oLi1a]| Ajjjjill ^^jjll Я11а. ^Э .Aja ja^II Jalij]l ^JjJajJ -ixj JJjjJa 


Язл /uaiaII ^ajill ^x-a j jjMJ ^jliilll CjlxjjVI l-ii^. (jjLIajj c540°C Jl j^. ajlja. 4_a.jJ 

jl j£aJ Ajl CjjjI i j£l j »10.18 (J^juJI (jJJJ La£ ^ajjjlVL C_ilajuj]| LujIjJ (jA ^ VuLiaI I 


.AjjjL]l ^ j VI Ajjj-aMI j-al ji-ll ^lc. ^xJaL jjj L Aja ja^II Jalijl] j]| ^ j-L] jjfu 


Ajc. jl^jJI ^Э AjjI ja. <aJI_XA £a oLua AjjLilil 4 _iaja£ 4 Lq'i Ajjj (JLaxjjujI ja. t ЛалЭ 
Ajc. AjJaxj Cjlija jaj oLLj t- ) 4<ii3J 30 оЛа] 620°C Ujj3 o jj£j ajl ja. Jua.jj 

c - Л 

<Jaij]l 4_nj ^Э t j^Ja .MBE ^JajujljJ GaAs AjaJJ ^Э LMLo (JaxJ-uU Djlja. CllUjj 


tiilij 94 meV jILLaj s-4 fl ))all ^Э ^Ljll i jI^aII ^Э AjjI ja. <aJI_XA £a SLaIaII Ajaja^II 
CW>' ^_ia j t^l3 ^jlajl) 4-^Лл-д оЬйл A ;■•* ^ A inj 

.40 meV 68 meV <j* Ajt jill CjbjloiJI jjj JUail ^c-liill J 
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. Aixuull Ajjlala ^ Ajjs jjS laliJ 4j p-i -ц J ^jj <. i ^ jjj! Jjjil ^.lajIaVi ^ujj 15.18 JSjjII 
^ jlxll ^XuJ J ^*jJJji| Л1| ^jJJi^JAll ^j j^| ^LkUjLaII J_jj^_j_-\j|_j ^^^uklll C^IiLd 

.(VB) jaLSjil (jlbjj (CB) (jUaJ аАл (J JimSfl (ji J ш (jaljJI ,jUai!l 



(nm) j^> J_J=> 

4 ■ .. llfrji Алл jj»£ iallj ^! j£l Cj| j 4jajj*JI ЯлЬоьЛ JiljjJ J 77 K Alc sjjjjjl 16.18 JSjiiil 
jlgjoxa (PL) AjjjJajl AJbJajlj ( K I . ) AjjLj^ijl AJbJajl : jjLui! j '■-■ y ojlxa ljVLxj JLuUI 
jj £■ Ajjjjjjl Aljjajl (^Д (' -aUajjjl Aljjaj f ^jl S ) AjjjjS£iV! diHUajl ji JjlaJj (JiujVI ^yi) 
InAs/GaAs Ajjjj^ iallj 7 й-а j»ljSI jj> S jfxVI jjill .((^lc-V! ^) Ac-jjl» i-ijjLaj Jljial 
j^iLjjl jj> jjL 13 j^jjUI jx) 10.4 nmj 2.8 nm Jje GaAs cs|jcljj>j j»jjJj7b tiiaji 

.(^bjjjjj yijjjiVI 
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Т = 290 К 



(nm) 

AjjjaS Ja'JJ jiljSi <Lu3jjxJI AaLuujl LjIjJjJ jS 290 K Jic- ajjjll) 17.18 JSjjJ) 
<1ш 4jj*J) jjaj EL AjjLj^SJI AjjLuJaJI 1 JLJal : jjLajJI S Jja. ijjLiji jjVLau JSjjJI A ■ jjj $ a 
JSjjJI ji Ifrju&J AJjxJI . (^jJc-VI AjjjjJJI AjJjjjSJI ALJa j\ JjjaJiJ (JiLuSf) ^) 
13 jj?. jjJI jj>) jjjjJl ^l jLjuJI jj> 5 nm, 1 nm, 0.5 nm <yk iJjjUjJI JljJai .16.18 

.(fLjjiJJ <_jSjjj^I «I I jj jjL 



AjC jiSI ujljjluLaJI jjj AulUa LjIjcIuj lj! j AjjjaS JalilS ^Ul jJI jjljaJl ^jjJI 18.18 JSjuJI 
C j B J A J 1 л]а ljLSjjlS PL AjjjuJiJI AjjUuaSI jjjj AJUJI f. Jj > jjjJal (I) . AiJUj 

(t_>) .^IjjJI jlc. ~480°Cj 515°C j 530°C SjUjU SJja. uUjj jjc L^jJc JjuaaJI 
jj jiL 68 jajaJ I jj) 850°C aJc 30 s Saa RTA Llilj jjajj J2j L^uuiJ ljUjlJI 

.(fLjjiJJ <jSjjjSSI АфхиЛ 
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3 Cj^j LS^ C ' ^Sf-ej^ll JaliiH ^J^jU! ^а]| ^gic- JJ^I CjLuiljC Cjj^Jal 

68,3 .InAs/GaAs j-a \jjI 3 Д-хАа-л]! ajaja^II Jaliill ^^lkl^ll jAi] a_iuj\_uj 1 cjljjjli 

( 1 ) IoLaIa cCjLIjc. ^ Jc. 4 ,Sj uUl (jklj ^ ^а ]1 jjaVi 4 -xjjuj Ajjlja. 4 iailxA (JUixjujLj 

(2) <25 meV j ~90 meV Jjjj Ajc. jil! cCjLjIuiaII jjj ^Ual! ^c-Lilll lUj] jj j£aj 
<J a 2 k!-LA (j^AJj (3) t(~200 meV Л) (jjjVI j^ ‘UjS cjLaU jil сг^* J j * ^^ j^jj 
Jj^oi ^^Jc. .(~12 meV Jj Vjjj) (jUlaj jj*j ^UjaI! jjLxjjVl ^ ^jalj 

l^i coLaIa a q\"A a InAs/GaAs Aj-^j^ JaLaj UjLjjc. ^jUi 1 . 18.18 (J^joJI jiajxj tcJliiAll 
j! 4 (В Alixll) 68 meV jl t(A <jj* 1 I) 61 meV ojUi Ajc.jill cULjIula]! jij ^Ua cc.Lii 
<al!L^]l 4 _iUa]l (Spacing) cjlcc.Lii]l ^^ic. Jjuaail (jja. »(C Unxll) 91 meV 

JaHi]l jj£j c-Ljjl o jj£j]l Sjl ja. <L^.jC Li uia 4 Liu.il jJ oLa 1 a ]1 CjjllixJ] Л -iC. ji]l CIjIjjIiula]! 
^,-lkl U! ja ]1 Cljljjjlj l_j. 18.18 (J 8 x*Jl jJJJ 1 () ’ 1 ^ . (j jl jj]l Aic. \ g a~n"\ jjjxj] A-iajaSH 

jLuiij! (j j V J 850°C cjc> AxjjuJI AjjI j^Jl ^JUaII jA 30 s (JLaxIuiLj AjajaSH JaLiil] 
ЯЮа]1 CjLj jJjola jl ^uial j]l j)A . GaAs j^.1 J^ (_5-3 InAs (j-Q 4-1 ajaS\1 Jaliill ^i^l с 
.^gikUl j^]! Cxj j\jLoj jj£I 4 q\'A а11 CjLjjxJl j)A \ j\ A.1 C J_^,jjAA]l Ч -IajaSH JaLiiJ 

Cjjj Laa А^1а)1 Cj\ n* II (^-Aija) AjjJajVI CjVLail (jJJ AiUall ^i (jjJ]l ^jljJ !-\ja3 


^ tUUJ ^a j . ^gJll jl! ^ j-<JI cxj meV Ях -Caj Jlja. ^! oIajaII cj\n*]\ 100 meV <^1с- 

cAjC-jil! Cj\j jIulaII jjj jj£V! ^Uall Cc.Liil! jLua! l^i ^jill C 4 \)*W C(J\ja11 Ua 
A ijaUI CjLaUall ^^^jj (Jjj .^^^^JllU! ^ jAll Cxj A_iaja£ AjjjL^. JiUa Jj£! C’]]" i ia" 1 ' 4 '\\я ]1 Cluij 
4 -IajaSII JaLii]! jl Ula.lc J_^.jjaa] 1 CjLilxJ] J_ujjCa]| Jjj\ uiall ^Э C j] ^ji]! ojjAuJ! j 
ЯлиСа! j cjljjxj A^]j ^l . (j jaH! jLuoj! cxj л» .Jl Ajjixua]! l^jVL^, iiLi£j ciUaiiU.! 
1£j1uj jl ^^ic. <!l]i^ (jSj .\JikU Jj^jjAA]! 4 ja jaSII JaLiil] PL AjjjjJa]! Ajj\ uiall oAui 

jia\ аЧ 'll li^j] jl/j (5-^^ jA U-Sjjla (З^ 1*»^ jl СЗ ^ajaSII JJj]l lUjlui 4juJ 

Д -AujLaJI jUV! аСД (Ji-Q .(Dislocations) £ jU. (jj^ Uji- AjJjUal! AjjLbCall ^ 
^Э Ц ь_одЧ*ТА AjjJula <i\j£j Aj]Lc. AjC. jj Cjli 4jjj\j ^jj Я1\_^. ^^Э oCj^ja C UjjI UjAlJa 

. (Initial) 111,51,52 AjjjJ! AjajaSII JaLiill Д_с. ja -ч a 


U ja ^aUaj JLaxJujU 1.3 pm ^^il jai Aja j-a£ 4_Iaai Cj! jjj] 4 ja n Uiajl j^AJ 
\ул\ !jjj£ LaLaja! jjj£ja 1.3 ajaja^JI <Jaiil! cjljjjl dJ\j cil t(Jxi]U .InAs/GaAs 
1 . 3 AjajaSII <Jaii]l cjl J jj] (j! 4 <iiiaJI . CjV Luaj j\J Aj j-uaU! Д -j j ji£lj/ 1 CjLajUaj]! 
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Jj-oaU! СзУз AjtJkibU InAs/GaAs 4 _iaja^II JaliUI jA «. a ^ji ls^ jj^LiA 

j| j -й j! 4-jAjA^II JalAlll 4 ja ‘ з"з <iljjl 4_IaJjaiJ UjIxjjIj (JLoxIujIj 4j]c jjj_*aaJ! <_£ j^. AjjjU! 

'4k jxJ! й j! j^ 4-?.j± Alc. 1300 nm cLalxjj! ^^Jc. J j^^l l j^Aj .(Cladding) AiLd! 
6^jj«ijbU jj£! Jj-^a ^J! (jAjj aj! c 4. 1 8 ^a-uiUI jLiil) fjjAiVL aixj c. qAci JLaxLuAj 

JalijJ! j-o jjjUb InGaAs U JUi jj£ji dili c*\Uu*i JLoxLoib tylla jjjLmL j !/ j 

Jalaj jj j£U InGaAs uLLjjj JLoxIuj! »>»» j l_j ja. t lUI 3 j-o V aj 69 76 . a_ia ja^II 

JjJaa! ^lc. Jj-a^. JnAs/GaAs 4 jaja^II 4 AVJI c!j! jjU 4ll_a. ^^э Л_а jac. 77,78 .4_iaja£ 

^oaJl J! J! LL> ^jlc ulb . JcVl A^jJ! J! >V! сЛЗ LUliicU! aJU > cJ*bVl 

4jiUa dllcc-Lj (Jjjj 4 j]Ic j^.1 ja.j 4 ksikW* AiUa С1з!3 4_i^. J -0 Jl jJ=al Cljlxjj! jjj 


i4 L-oq*3A jx-o^ ^Ij 4_ILa. ^^Э <LiLaJ] .lia. jtn^ j A_iC ji]| CIjLjJ-uia]! jjj *jjjj£ 

(Quenching) ^jj^ ^j> Ъ j! j^. > jjj (>jja jj) >jj! c$j! j^ LjLxjj! ^j >j 


Cljljjj] ^JL*. ц^Э jLU! oAjjj UjLjx] AjjoiL^ ^xii Clila^j] U1 ]a] • ^xjolaI! UjLxjjLU 4_Jaia_iA 
djLa. jU .lia. j! jiluj! £a Я1э! jIa t j j j5La 1 . 3 (_j-!l j^. Ajc UjLxjj! Uj! A Aja ja£1I 4 АУз! 1 
АЭ jjjfLlA 1.3 4 jaja^II <Jakj]l Cljljjj] *!a! jj£ 4 jq^. jj 79 8 L(Tq) djjA-o]! ojljaJ! 
jjj]| <jl£i j! VJ cojjja 4 qj^ ^^-aja^II jjjI! ^gic. Sa-oIxa]! L^LLj-o jcl jli 

j-o j 6 j j j5La 1 . 3 Alc CljLxjl! <lLa. ^Э ! .lia. Lk jjui j 4Aaj.iI j j 4 ! Ла. 4_auJaL ^-aja^II 


jaaVI ujbujVl JjIj ч!Л 11 JiijjJ <_i. 6.18 

Red-emitting quantum dot lasers 

£_uil j (JLa-o ^Э UjLxjj! ^k. jjuuxa-i] V-III 4 _iaja£1! 4 J-aLll ULLiuj jjjt'i j^AJ 
4 _iaja£ 4 Aqj Cljljjj] ^Э jk ^ k a ^jja CljLxjj! jLjj jja. 4^11 аЭ .4_ia.j-a]! j! jLV! j* 
j-<ia.! UjLxjj! С1з!а L1!a 4 я ay 4 _iaja£ JaLL ^^Ac- (J j»-^"U! (_£ja_3 .4 L/ijx c. L-o j 

jLj .GaAs Ь jj£j jji AlGaAs j=d j^. > 82,64 JLxajVI 4 jJIc InAlAs ^IUun JLaxLuiL 
<jjUia]I (jJaL-UI j-o tLiLj^ 4_jja^ aII J-oljaJ! j! iJL-U! Jjj^ ls^ c 19.18 J^cU! 
Jalaj dVLa. Jlx3 j£_uJ Lj! ja. JIAi* 3 j! j^AJ iALuaij-Q 4_lia_A j>/i^ 4_iij ^Э 
Ла ^э jLj 4iL£ 4_iki ^xa 7 00 nm ^! j^. j^ a cilxij! AA^Lj 4 AxU! 4jjL-a 4 _ia ja£ 
jl£ >1! ^ j-a^.V! ciAxjjV! с!з!а 4jaja£]I 4 АУз11 С1з! jjU j! 4ll_a. > uIIa j tkW/cm 2 
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<jjai A ojl^a. Д -^jj .lic. 10% ^JIj^. ^_f^jLk LgJ 

4_^.ja 1I Jjlij Ig'iL^i oj /ua j 4_a.j^ 200 mW j-<a ^>^1 quasi-CW ь ^ а 1 ±аа 

24,66,83 Cijl y'ixll A'\x nj £A,f\*W (jn»i Vi ^^Ljaj jJjlaJ JC-Luj . ^Д -JajLill 

ЯзЦа! Ia3j c LiJjujj (J*\ x^ill jj-a^JI ClllJ cAjjjuJI JalilB jalaJI ^-I_9 jjI jljLoJ lilL jlaj 

[ lc (J^l > 1^11 ^jjjjllj ( E^ ) Laj JiVill 


PL(E,T) 


С е -((Е-Е 0 )/Г ) 2 

1 + ае' |Еь-Е ' /кт) 


( 1 . 18 ) 


j£jua ^Jj AjjajIa (E) AiUall j (T) ojl j^JI Jj^jU PL AjjjjJall AjjLbJall oJjuj £_iL C 

Jaliill ^Lkiil jjjujaj ^э Aj^Ljaj CjLujIjj Cj^cLuj .(D fij*^ ^-^jj 4 (E 0 ) £4jjUI 

д 

j<j'.,.1l t- J Jjj j Л ■ ..- jjl jSjij < * ^(ternary alloys) AjiiijLi П*'' j-a SjjSJI 


84 


. j'ij. jjj. Ixj+i jj j_jl jJxJI 



200 rnW yja. >»л1 JiUJI jj Jaij jjJ Jjl a jjJ <jalja, 19.18 JJuJI 

,(j»jl*JI > JJ AjSjj^VI Ajt »aj| ja jjb 12 JajaII j+; AJaUl» SjIja AajJ Jjfr CW-AjJ 


—1.5 JIlll 4 uj»^aS Aiali CjI jjjj £.6.18 
Quantum dot lasers for ~1.5 micron emission 

а_1ла1 jj£V 1 A jj. ^>3' AJjjj^lVI Olajfkill jji^j 1 1.1.18 a+j 4I jiajj L»^ 

L-UjIj ( 1565 nm JJ 1520 nm) C-jUajll Sj4>j++ j-» ttliVL-aiVI LjljjSji <_ji 
,*-» J-aUjll jSjy tjL*_iVl (^s^Liil j—juJI aJL. ^j .(1610 nm ^J 1565 nm) L-jUaiil 
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jji InP ojjS j]l 85 .InAs/InP jj-a |»Uaj JLa*Jjaib tllVL-aSVI ^ ^£л]| JL^-UI ILa 

InGaAsP (Зл jaLa-II /ил jLaj • Jxiia InAs (_>“ ^jti — ia Alo >л£ 11 Jalaill ^^iii Jtt^ 
(> 5* h^UI >ь.1 jaJI jjjiji t^Jaib) ~ 6 InGaAlAs (>o jl 88 86 (Quaternary) 
l ~ - J i Lg_il ' j ^ 22 j LLjLa a_l^ja Jl jLl iJjLtjil ^_ll (jjaja. ' ^ 'j a (jUaj (j j IGaAlAs 
2 JVa ^jLJI Sjii] L>Lu Lujj 20.18 JSjoJI Qjjj tLLiaa .( 8 ^jjj5LiA 1.9 (Jlj^ '' r - 
(jL tCBE ALujIjj (jjia lnAs/InGaAsP/lnP Ajaja£ Akii jjj] SJLa. ^ jLull La'LL 
TEM (^jjajC- Л -kjA sjjjua J • Ji J< ■•'.!' (jJJJ - '1Г'< j .1640 ПГП JJJ CllLtjjl 
^l 5_^La. tULjA Jl jj V . La .la. ^l 5 cLi'uj Aj^-lAl <ja ja£]I Jalij]l ("п~ 4 L. .'.'■'■11 <aiaiai] 

^l 4 j..;LL JLaJI jl£ Lafl 4 \\ | J^a. 4 . >>qJ. 'ia ^ lr- J jAAaail (. Q j j jj jjkaji 

ij jc-l j InAs/InP jljUI -I L'i j£]j 8 ^ 4 (з а д§ ^lc. Д_л)Ш1 Ajaja^I 4 Lii'ill diljjJ 

• InAs/GaAs ^Uai Aj 3 jjji (jUI jjilU jjjU ^ 

4 

3 - 

$ 

<— 

£ 2 

1 - 

o h 

0 50 100 150 200 250 

jUUl AiUS j (A/cnf) 

Ajaja£ Llii ililjjjL jjVULjVI jjLaja JLa_a ^Il Jj-ajj]l jja. 20.18 JiLLI 
aL—iI jj (j-aia QD jjjl! jIjjSI 5iUs 5-W > ^jLil S jJil j -InAs/InGaAsP/Inp 

(jlfrVl ,_ji 5Jajjj]| a aLt-u SEM cjjL jfr jJaln 5 jjj^ .~1640 nm iifr iLUj]| CBE 

. (s.Ljji]] (jAjjaS?! . tjt д' 1 jA jib 86 j^.ja]I j«) 



jjJ diUjjj Jjutixjj (jill OlajUaj]! ^ 5£jjj]io 5 K .'j a (Chirp) aLjLJI (Jjaj 

■ " '1 ~ . r. J1 . Ll . jUa Lt Jjji j2 ALjiLJ .." . ’i >jjl_jQ jj. . jj j,j< ju (jjiLoil ___ L- 

(On and j jjjjl j ~".qll Cil jjU 5_illc. Cil ijji Aic. jjUll -ki. jjajc j jL jj ^ jiJI 
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ciiLoo]! ^oLoiil! Sjbj L_aj£j jl]a-a j-q! <Цъ-а1! Ja jJv4ll ^pa jjc. Jjj .off cycles) 
cIjXoi j-q ^ jUiijV! AiLubo SdLjj c-blJI jald (Chromatic disperssion) ^jU! 
<Lu^juj 4 jLa Jb 4 jla jaSI! 4 LiVJI djljjJJ Sdljij о JuLq (J ja! .djVLx-ajVI 

OC — - Jxji! jiajxi j j» j .s-i jjjuiaj J-alc. j! j-ol! djljjJJ! ^JLa. CS^ jiu-a! 

JJj Л a — J ЯДс. ^sjS j! (j£-<j .l-uAI! jA g Cjjjs. ^rc/A^dn/dNXdg/dN)" 1 

Cj! jjJ ^ (Filamentation) 4 \U\\ j (jili — jj^jjj ^jjjdall -LjjjU! dj! jjJ ^ jLda^ 

jl\ 4j-aj-a£il jbVI ^iLa (Jjj£xj 4 ja j Ш 91 .Jj^*j]l c" i Vi AiLULuij iAxuuj! j]l JjaLui-UI 

Aj! cAiljil! jlpjl £_a Liajjdj jdaiajjj 4 jLij AiljS ajc. ^ u*iS ^.Дс.! (jqVj 

.L_boi£il ^ljjjjj 4 Laqj ^ja. ^ (jji ljjIuuIj L_Lui£i! jjjj 4 4 j-ojaSI1 4 Wqjll djljjj] ДЛа. 

.4-1ajaSI 1 jaliii] jialHal! L_Lui^]| L jLs 4 y jj ^^Э ojJXj-a]! OC ^ji Lq! 

LjIjj Jj£! LJ.laj 1Э Ajj jaSI! 4 Wqjll l!j! jjj] j! 4 jA Ldaj! ДалЛ jU jj j-all 

92 ’ 93 .*LdaUl ^jJaj-oj-Q L_Lui£i! jV jULjjjfl ljjjc jjjIjj <jjjj jii£!j ljIcLxjoiV! Дл! 
(j-o j^ Jln^yjl ^^Дс.1 &jjj] ^LxjujjU <j-iajx-«d! 4J-0 ja<A\ Jalij]lj jjj dj!jjjJ LJj^ial 
L_liaxi! 4A,y\J 0JJJ «(j- 0 J -оШ! JJjl! 6 jg_al lg '-aVjj ^jill AjcLxjuoVI Ac-j^l ^Дс -VI ^Jl 
LjjiUlj LjljjjJ^JjU JLxil! ^xj-oaj]! (j-o Aj-qj-qSI! 4 ]aVi\l ^ic. 4 _aj11]! ^ \\W <jjuia_A]l 
Jlijj! (j-Q AaJ! ^ij (jJjj Lq-q tAiajaj]l <aiaj-U! 4j-oj-aSll Jalij]! ^Jajuo! jJ ^XuJaj-ojj 
Aj-Qj-o£il 4 LiVJI Sjg_ajf Ajjui-li^Jl 4_т]1 (j-o Jx'vj dl]J .Axjola jjc. j£!j-Q ^ij Aj-claJ! 

jjxJ d-na. cSj^U! ajILxI! djlajjaj]! (_Д^ Ях -ula d A. n 1 JLqxjujj jU <-«jjLA j!i£l 

.L^aliiJ j! Aj, jl'i Jl ^g-AjA^II jiU! d j^_a! Jiaj Axjui-UI jjc lj! jjjjjuJ! 

4jla jaSI! Jalij]! 1_£_}Э jjiii (_Д]1 4^L«iiAjU SjlSj jii^V! Aju-alaJI jj 4 ! jja! j 

.JLil! ^juiU! ^э Lg-u^Lii c sjjm (_Д]1 ^ sj]jj]| jl~4 a ^Lud! jb ^AjjJi] a^jLula]! A-UajV! j 


liJjj (JuSjjI^ LLlill 4 ouja£J! aIh'aLI JljjJ j. 6.18 

Widely tunable quantum dot lasers 

Aj-Qj-«i£il 4 jaVJI lj! j jj] (j-a!jj jfcl j-o oJa.!j ^g-Aj-aSll ju-aaJI dj^J 

4j-qjaSI1 4 ja'qill иЛ 4 Llia j! .lx_ui!j liUjJ t fljjil] jjlfl 1 g qjJa j! I oj!j3 lAjii^! j 

Ajjj-aUI Ljlxauja-UI ^^Дс -j L <ajljjj] Д_ЬШ! jjj]]! j^U-a-Q (jjjiaji] jjlfl (jjaJjxi! 

lj! jjJ (jjji 4 (Jxillj .(Semiconductor Optical Amplifiers-SOA) <L-ajA]l L_Luai 
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4jj-aLai]j AjC-Lilaj-aV! djijjl! £a lg,g ^Lujj ^j (jiaj^jx]! 1 g Un£ L 3 j А \ 4_iaj-o£J! 4 jaV"! 

1 .ш jA JLa-o ^a l^lVLa. 4iU£ ^Liujj (j^-^j ^JjaIaI! AjjAj^J! 

— jjjl ^c-ua *Uj! (jiaj^)x]! 4_lAj-a£J! 4 )aVl\! ^ 1>Л S^)AUa] JajajV! (jia^jx]! ^Jc. 

clj! Jukl ^gjj CllL-aj jjUai]! 4uJaJ^)C. й j jU >А"\ jl Llna. tAjllc. jUj Llllilj£ -lic. jjJJ 

UUoxLujIj 4 qjj'N J A_lf.JA Jljla! «iic« &^)jJ J JW^UI U^ljl J)LaJ “ 4 . Cj! JJA jj\j]| 

^ L_jjji]l ^ja^,V! (■" >Vi ЯхЦ)! cIjIjJj] <iLa. ^ (jjj La£ t JljiaV! <ailL-A ajjJj] L_Ujl_aj 

^ UjIjj 21.18 JLjoJ! ^-Jajj ;JL1 a]! Jjjuj ^gic. .сЛс.! 17.18 j 16.18 JjK jJI 

4 LiVlll d>! jjj] ^ <jJaJjxi! L^.Luia]I L_flJjfj J jia jJJxiJ Aj]c. J jj-aaJ! ^sJ c85 ПШ (_£Ла 
ц£ л JjiiU JLaxIuj! jLaj 46j jjll! i-f-j-o J jiaj ^£v>" .InAs/GaAs jjjj (j jjU AjajaLI! 

(j! J C(jil£xil jluJaAJ 1 J Aa jjfU (jl jjjli! jjJ-^ ja. ^L'^J . 

JJjj ^UjjV <ij]jj (j^AJ (.“nuiA jj-aic. j)A Яха.! j Я_>Л*1 c_Jjl V'iaII ^^.^.ja]! JjIU! (,jj*J 
tUjli 4я а-ч a!I Aja jaLJ! Jaliill£ jIxjVI (jj!>lj]! jj-aaJ! djl U AjjiLil! (_^_1 j]I ^ . j jjll! 
cliVU. ^^jl^j ^ 9 -<а± 1 а^ AjjJajV! ЯЛаЛ ja Лх "I Ajji-a]l CliVLaJI ja~n ^Liujj (j£-<iJ 

< U]jl (__Jj (_£.ijj 4-1 aja£]I 4 Av"l CllVLa. £JAaJ * JaI! 11д (j! (jJJJ Uij .L_uiajj]! <iiia 

вОО nm Jc- Jjjj Laj j! 200 nm Aj^JI JIjLVI J-* JL?-. JjL Jc. 

.<jj jo£J' J lakjll Ailia CllljjJjjb. 4 ■ -’ ' j I Lejj jd]j 



.uLjU>! Jl jll jjj x jj (85 nm jjji) LjijA AiJj u! jjJ! £_ulj>! uaJ jJ! 21.18 JH>! 
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bi -тч * j Jl) (IP) uaj AjuibU (jijJa (jja a 4 jjj ЬЬ4 a 22.18 JLuUI 

IP Auu> jj£ Abij a ju^ алД Jiuill jjjUI uliukli TEIVI (jJajC <Ja’La s jjudj (iaui jil) AuSUa 
j^ljatj Lu)j Ди д-ч д'| AjjjjISI blilil j ja. . (A AjjxJI) IllAs/GaAs AlUa 50 ja 
ujVLi jj liVUSWI jj Jjjj .AjjjjSJI JalljU ‘waijjjjl ulijM jlLuiV JjJ*jJL Ajjjjj 
Jj jaaVI i J iVi jjujJJ (continuum) JjfllUI <jJI J\ i— ula jlll ALJa ^JI 5jj ,jjLSI AJallil 
.(^bjjill ^jLijjVI 'fl* A " jj jjb >94 jjJI jj i_ij£j) jjjJaUJI JjjjJJ Ajlajji) 


Ajjjua£j| ialiDI Cj) j Ajjjjukll cIiUjvjI) A.6.18 

Quantum dot photodetectors 

g.1 ja^II l" 1 Vi AjljoljL] 4_ilj cjluJI Jl >22.18 JLiD иШ 

iliVlijjl ^jlc. (jJLujj) (Quantum Dot Infrared Photodetector-QDIP) AjjjjS Jalij (ji 
(jja. jll £_л AjUjHj . (ajc. jill uj\jjjuj]l jjj jjVlijjl > jilLj jjjj jl >(jUaj]| j.V 
(Quantum well infrared (^ja^II jjjII J=uj jj »IjasJI CjVi 5jj]jU ^jAjUI 
Jaliill (jJ (И jjaJI CjVi JjtjjU ^ jjjUI jAb-UI jjSU >photodetector-QWIP) 

jjC.U]| J ^jLUI AjLLI jj jj. ^ . jjclj]l j ^jLUI jjj 'j JJaja jjliiia ju AjajaL]I 

( J t* > : >' \ W j >i > иу Л 1 1 vM j l n\ l ( J \ i. jj \ \ j j^ujIla]! t ~~ i Ll а\ 1 v U ^*^jjl j^, 1 t 1 q j > 1 1 \ 

Loj A-Lqj^II 4 J-iVlll CliliiLa ^Э <jj^v L'ixtll CIljLoL^JI JLki . (jjia-o jJ^j) v" )Vl 

^l£^.jj j*\ Lixtll CIljLqL^JI £JjjJ ojlc.j ^XJJ i-lalljll djliiLa j \j j j^l j^Jl AjLoij ^JajoiljJ 

a jjg Vill 4 qlj-N л\\ ^jIaLiA]! ^Э <jLujV1 (_£jJjola ia u>? *(Ef) (_£jJjola ku/a 

* 

J.1*J1 <j J^k XiUill CIjXgUJI (Jj^j) l" t J J ^^_AJj3 (JjJjjIA -li-l^j) 4_liu ^-jLujVI -lalxi-Aj 

(J 1 jla^l (j* L V^'uxixtll JUuJl ^Э (jxutiV) (jjqV)l A-Lojj^II -LaLajil CIjVL^ (j-o C_J j£L J-a]l 
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4 3-i'q il ЯЛАа]| (jllaJ к)аЧ a 22.18 (J^u)ll jjx-aJ (Jj u« ^Jc . 4_ia. ja]| 

4 '\)\A ^ULiil! . ^IxjVI AjjIjj]! (WL) nL Jjil AiJa dlj/L^. diaii CjliUa ^xjj! dJi 4_1 aja£ 

j^.! J^-J j-axj]l 1 g t.s-j* \ jC 4 \ksbh'\A U]li Яха^-а InAs 4jlajj& Jallj ДЛ^. dUj! 
. 4jla ja^'I Jalil]! 4 jx>\! djlajla]! jl£ujV (Jj^xUIj L^ILLu»! dija. >i]| Ga(Al)As 

Jj^LuiaI! Sjia.j ^э a-iaja^II Jalil]! .iic.j Li u^i j^aj 4<ajLui]! ^Lu^VI (> jji^ji La£ 

<ILq! ^a l_jjc.ja]| ^juui^ii]! (JL^-a j j v»I ajLujV! ^jjLiiL 4 ja nll cIjLLxujj-q 4 ]-» * *i! jj 
(JLaxiuj! j^A \ t JliLU! Jj uj ^-]c- . ^LajaV! juia ja 4_i^.jU! J!jlaV! -ijc. ^jkLui^-i]! Sc-li^ 
(JLaxIuj! L)^-aj jj^. <> (13.18 l£lJ' jl^il) JSdll j ^>^11 L u >»] j-di! ojlja. J^jj 

djVliLVI (> jijj . 10,5 1,92,97 a_iaja^ 1I Jalijl! AiUij ^v i " ^jJ <i*ii2! *jjU]! JUL 
4 La'iaII diVLaJ! J! j! 4_i!aj]! 4 jkll ^Jj vij^uia]! 4_iaja£J! 4 A'q »11 dij/L^. jA 

l (JjaILjj .22.18 (J£2J! jjjj La£ i*\ ja^ J! diaii <*_2»jL! j jutVi (Continuum states) 

4_1a ja£ Jalij]! £a ^»jjLi]Lj L^j^Laujj tl^C-lijj! JaJjJaj t j^laJI o jl_A jLilk! JjiJ 

<jjC." I TEM LldajC. I* 1аЧА 22.18 J^Aill (jJAJ jJJJ cjLiA3 . (jjiui^jl]! (JL^-a Aj.W*J 

*jjj£j ^gJc. oLaja 30 nm lg'^1 Ax,) GaAs j^J j^j <L-aijA InAs a_iaja£ Jalij djli "A 


La £_jjiaji] (Moleular Beam Epitaxy) Vijjja. <aJ>^ JLa*LJ (jj*. .(100) GaAs 
AjaV'JI lJILLj ac.j> бГ~520°С dc- Ajaja^I! Jalij]! jjj£lil InAs > 0.54 nm jiL£j 
Jalij]! dj|j g.1 jA^kll ) Vi Ял_и»Л] A_ij jxjall (jjiuiaji]! a jg_^.l ^ u^ (_£ ja. ^’^«60 S аЛл 
(Mesa devices) I jjA Sj^! ^-i^a <jja. .A-iaja£ Jalij AiJa 50 L$_i3 оЗл a_iajaL1I 

<Jaujljj I jjAll -ij-i^ji (jja. «GaAs I (_£jLixa]| (JjjIiaI! j j^*"! ciLijii (JLaxIIuiLj 

^jjJajj 4 Jaxxil jj (Jiujjf! j (^Jc-V! (> jluAAjLil! ^Ju«o . ^ 1 J-a j]l ^jIjaj^JI jiijA*nll 

> o j^.VI l_ii£jj (j ja. cAjjx-aill djLuiLii]! $.! j^.V .Ajj! ja. v^JLxaj j> Ni/Ge/Au 
.fijJxjiA Ajijlja, J_^.jJ (!.Ла. <jJail_iA ejlj^. i-^.jj ji c-Lc-j) (Cryostat) djLiu» Jjj£ 

(Fourier transform 4 jjjj 3 JjjVi ^LiLa Akuiljj -aaJI LS J?> 

* 

J£HI J ТЕМ SjjA^a jJj Ci^j 2aJ£U ^SjjS jAi^ui ^ spectrometer) 

Jjj^jxLI (jj^. Jll (jj^.VI TEM jjj^I аЛлл tjJxil JUI CjlajUI 22.18 

J 20±3 nm sjJ 5 Ja 3 Ajjsja£ 1 I lalfljll . \л\х II dllfljlall J LSJ^i jSUI J l^jlc. 
JjSLi i ol q L . J LjLljI L^L 2 :(30 nm ajfls flc.L 22 ^JIa jA Lo£j j L) jL .1 

. L *’ t l Q \ L I I L ol'i-N. J\ (jjj 


4jliA <jJaia_iA *jj! ja. J_^jJ ^JLaJ! c-(Ja Алэ! jJ-ia 0jLii 23.18 (J^uill cjiJJ 
Ailla 50 (JLaxIuAj £_iua AjLuia A_1aja£ Jalii (ji c-ljAaJ! L*‘ iVi Ax_u»jU ^Jjda jua-A 
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Sjlj'VI олА ojL ji •( В ‘ЦиЛ") 30 nm a^Ljoij GaAs Cil^c-lxo £_a InAs a_iaja£ Jalij 
ialljll AiUa CllbjUu.» (jKuij Ua-ljJj jja. ikW/cm 2 AjuJoi Jl W/cm 2 AjtjJaJ jji 


(j* f d, p, S Ajji 


i58 meV Jl j^. J.. 1 ' 1 j" 1 .)' ‘"5.5/1 Ajc. jill CjljjjjaLall jjj j^iUa Cc.Lu £_o ALjjJjII Ajjljjjall 
e jljjUI Cj'j/Lail A Ь •_ V j. j^jjj .3.18 ajoii]! jjla ji L*j£ 4C_ljiajjll A jjial jjlxjjlj 
J\ Afljia jjj A jiajjjQ L*j Jjj. ^il AjjjjaSII ialAill jl ^ic. ^jJajJ jjLjjll с Jjjjil 
• 1.5 |1Ш jji Aj]L*ja.l A^Ljjjjij Aajia 50 j>Ji AjjSoj Ajjj£ iiLi. (jia. (1 (^jill Aijia]l 



-jjj AjuiiU ^yjjjja (j.i% д! Axji) Ajjiojfl CSilb. jiajxj AilaJI Ajj^-a. - 23.18 JSjuJI 
77 K Aifr (PL) AjJjjiai) Ajjbjiail ^yic. (^лал. .InAs/GaAs AjajjjS LUi ji <0 jnail 
j^jLoil (jj (jjL 94 (*j> jjil <jji) kW/cm' AxUaj jA I H j 532 nm Jjbj > jli» 

(j^jjaVi 


jiljjxl] A ajjj. ja]l A_iil_ijja]l . 'i j. L>V ^ \r.V I a jLL' I jjl /j 1.24.18 _J5 .'.'II jja jA_i 

i ./ j'l . ...V lj Ajjjlia (j£-djj c_laiaji]l AaJa (JlijjV A_iuii ^jjoija AiUall jja-o (tal B j A 
J5 . n\l Aajj-j ja]I Aja jXII L.1 q'il jjl i c I jji^II (“(Ai AjtijLU ^_i JJ ja]l j_ia. л]] А_с1а_й]| 
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(jjli jjfU ‘Bj A j jVij» 11 InAs/GaAs 4 _laj*£ 1 ! Jaliill ЯЛа. ^ .c_j. 24.18 
AiUa .(A ~ 4.1 Д Ш ) j-o j» j>^il L_ulajUI ЛдДэ j ^-AiUail LjUjJjLui^j! jjj ЯзИаИ 

ciili (j* jiu-al (JxiU L_llLajj]l Aiila ^-A^lJ-all j-o SjIuaII LulijjJ^IbU (JliijVI 

c^JjiUlj dj\jjjj£lbU <a^£-UI djUUall ^UiaJ j-aaUj PL AjJjjJall Ajjljxiall jV 

UjlaUall ^jjj VI ^ij-4 . jjjjilVI diVLa. »1 j-a'vll i V Ял -ujVI jj.uj.iV (Jajujj jj^. 

<jl Vu*il (JxAl ttiili ^С. £.Uj CljljjJj£iVU 4_kaaLail UiL C. < 1 j>Vi L_J jiili <aa£-UI 

Jl L_J.24.18 Jijiil ^2 4_lAj-a£il Jaliiil (jj g.1 j^"\ll c“lVi Ял -uj^U ^jjjJail jjLa_Ul 

ja. £-<a 1.24.18 (J^-uUI ^ UiUj ^jjujjjUI j-AgibB £jjjj (j-o j*_u*al isUa jic. ojjjil 

j^JI jl Л L 5 ^> j^ .-280 meV Jj -140 meV j-a iaUall JU>-o ^ ^-U ^^-^-аз! 

UuUul (j^ljJ A_iAj-a£il Jaliiil (Jj g.1 jxi^ll c" i V Ях -ujjU ^JjjJail (jjLa-UI лЛ ~ч"ииУ ^icVI 

* 

LiUiuj (j j*j . L_iJa jii! AiUa ^JI SjllU! pj s LiUjAll (JjV ^lill LjUjjjiiVI (Jliii! 

160- AjlajjU! 4-LajjaVl -laliiil (Jj g.1 jxi VI t." 1 Vi AjuSM jj> jall jj.i^kVl 0 _La_uail 
JIjj, J! jjiA-UI Axijj-UI <iUail (Jjj (ja! jj .Jl£A\ jjVI j«a\ ^Ai^VI ^Jl 220 meV 
jjji 4 L.VV 1 LjVUUI o jjiliA A-loja^JI 4 -Laiii! LjVUk (j* LjVUiiV! ^gJJ -500 meV 
AiUail ^-Ua jj^-j .22.18 (J^jil! AiUai! ^^з ^uJa j-o jA I_a£ GaAs j^La. 

<iUa AjUa (j-o L-ljjiji ^_ajj3 (JjJ-ula ^xijJ (J j]l Ajl_ujV! (J jJjula <iajail jJ <jJaiVlAi! 

^a.jV! jA ^j. 24.18 (J^Jil! ^ ~90 meV jic. jj» J.V1 4 W1 cbLUs .L_iJajjl! 
^.(J-U Ллл j-<^ A Aqj (J£j LjU j JJ^IJ Ajjuj (jj jj £1 ^jl} j-Ajjlaii ^j jVl $.^UaV 1 (j-Q ^ciU 

c^jil! cjA j-Q la^Uai! .jUm 2 \jj ji^ij 250 ^^-ljuiV! VLaVI jj^jj jl^ < f- V_i A II 

^х-л cilij ^iyUj .Ujjiaj jUrn^Af^j^ ^Uaji ~60 (j-o (Ji! IgjU a-lqj^ 1I Jaliiil <iU£ Lj Jjfl 
.ojA A-iAJiil Jajjjj (J!u ^З TEM (JjJjuia — jla_LQ ojju-a ^^3 U^jj-oi Vaj W AiU^il 

j! jA ^^g -л j^l! jjU! (^j-U. A-Uliil ^^jjiU Ajjli-o QPID s j^_^V 4 _a£-q AAL-alV 
U j jaC Aj-q ja£ll jUVl (__ 5 -Э ju-aV! oLaj! jl£ LU .UUaU jjlj £ J - 1 - 3 (JjlulV l^ilViU 
Ujl j-o o jj£ji! (__ 5 -U U-UaU jj! jl! £jjJaii ^iUj^Vl (JLa-U! oLajl jl£ 4fi jj^ji! ^g-ic. 
fij^-aV jViJ . ^g-Aj^ll jjjU 4_iAj-a£l! cjjUjliuLAi! 6 jUj c^aJ (j-o (.A 'i^Vj Vj ojj^jU 
.0 jj£ji! (_ 5 -U <JjjAC L-jUaij-uj! <j£j-<i а1 (Jjl! £. jjJail iai3 jj.uj.iVi j! QWIP 
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(meV) 


AjjjjS jallj u)j fljAiJ) uaj 4 jluiV 4jj juja Cj) i ii д) , Jj jj ц aj 24.18 JSjuJ) 

4as ijjsll) <Uaijj| 4jlajuu) (i_j) .WL AlUaj AauU AjJjjjDVI jjlljlai) ^Sjjt ( 1) . I П As/(iilAs 
. (f Lj jjili ^^SjjjiV! j^jlU) jj jib 94 j-ajjUI ijAj A 4jj*JI ^ ЗилИд!) IP 


(jj,m) t^j^' Jj^' 



150 200 250 300 350 400 

(meV) OA^* 


4jjsjjt£ Jalij jJ f! jjtaJI ujaji AjluiV ^yijjja ц ja. - ^ «jjjU J jj j j aj 25.18 JSjjjl 

.(fLjjilj ^jjVI j$*a 1I j-a jiL 94 jj?. jjjl jj) 60 K Jjc- InAs/GaAs 
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^э AiUa \\ j^L^J! ojLg jbli.1 jLaj to!>lc.l A_iSJ JJjujI LS 

jkl VLLq 25.18 (J^joJI (ji^ » a-lqj^SI -LaLLiS! jj $.1 ja^II >>” tVj Lx-ujU jjJaS! jjj^-U! 
J jjj jauxiVi £_a ("C 4 '\}x II" j Л. ±л j-a£ Л j J J »1 ja^II c" 3 Vl Ял -ulJJ ^^JjjJa ju*\ a ^^ic. 
<jl_uj| ^ А1 0 .зз Ga 0 . 6 7 As j^-lj^. ^ J_lqja^ 1! JalaU! ^L^AJ jj^. t^SL^J! cLa ^ .^^-Uali 
S jji cA_ilbU! с1а1з\-1а]| j^-j 4_ш1а]1 Д -il VujVI ciiaJ ji! »n~lxlO n cm 2 Lfcjdi a \ a>.^a 
j« ^cjU (Dip) j jS jl^j! ^^ic. Luiaj! l jLJ I j jlaj »(5.0 pm) -250 meV dic 

oLa j! LUa jis! ! Lla .S jjxu CjLajoj djLi Ljaj! j j'j^j <j! j.ijj j^j ^jj^J! j-aL-alixiV! 

<ajaj ^gic-V! jjjjubUI c!j!L Л d j pj s CjlkjiUI j^ dj'VLalijl ja ! jj cia^Liiil djLuaJ! 

djLjjjJ^lVS A-iC. jil! CIjLjjIula]! jiJ ^iLIa ^C-Ljj j-abL^jjjjj! j£-*J Lfc.lic. c(!-Lia L-Lila jil! 

c80 K ^jc. (Responsivity) A^LdLuVI <■ " u .AE pd ~ 50 meVj AE sp ~ 42 meV 

JUC. ~ 3 V (Jlj^- jj^ (JJ* L5^ ^/W j^ LT^' ft£ LT^* LS J^J 

• ^detection= 5 pm Uji J^x-^J 4 ^.ja Jjla 

j-j\ Vjj JU-o 4_1л j-c£l! iallj]! С1з! i c- ! J<Q*4 \l c." 3 Vj <XjoiV] i_JJ jjJa]! C1 jLui^-a1] 

C.I JAail c" 3 Уз Ял -ujl-U i_iJjjJa]l djLui^uU! ^-i-oL-^aliJ AjjILo g.1 ja*yII c" 3 Vi AxjujV! ^_ujj j! 

j! j^-eJ jl^ l j», n)a !j-qj UjIL J-xa^-aS! 4_1aj-o^ 1I JalLj]! j-^jj t jxULj . ^-aja^SI jjU! djli 
j^j ^ic. j . JUijV! jl 6 jjj^jl! j! c^j^J! л -Nj'jj jjijlvj^ jjc. jJ ^-л (Iaac. 

c" з Vi LxjoiVI Д -iJjjJa]! djLoia-jJ! j3jJ t(jjjl Vjxi]l J;iL ^xJj-ojj]! AiLuaVLj 4 4_1 дД! jJ£I 
J! jjji djVLi-1] 'л! jt*4x>]l ЯА1А£3! jV £-ujj! LjI Vjuil jL^-o 4_i-oj-o£l! Jalijll djli j j-a^J! 
^Э ^aL-uj jl (jLaj ;A-1aja^1I Л la'q j]| jlx_uo! diVL^J Lxjj t^jil! Л j^A^II djVLiijV! jjj 
^ jlall jla jxl! ( Д -j jlLoll . Jj£! (jjijl V'ia ^xj-ui jJ jlx3 (J^ di \ J jL ^jiS! J (JnmVil 

ДЛ/ J! ja» jA ^^-^ij-d ^aja£ jjj jjjLuj! ^Jc. c-I ja^II c" 1 Vi AxjoiI-U ^^J j-da jd-4aI 

^Jjdal! jd^aII LSL^. ДЛД~40% jj^U ji^. ^ cAjaxJ L L-aj 4-Iaki Jljc. ^~20% 

tdjlAnJaiSI j-o AidxS! ^^3 .25.18 (J^dill 4_1 aja^II Jalij]! ji c-l ja^II d 3 Уз Lx-ujVS 

i~4j ^iS! i j-U! (JjlaS! <1 а15"за11 J_j 1 viuV! £_a <jj-ul_jiA a_iS1_a^.V I J-j 1 vjxuVl jj^ixu 

jV i4_ilc. j .LjI v'uuV l jUajll jlajC. ^х-о I jJsa L-b-uliiA (JaLx-aJ ^Jc- I jj^l j! 

J jjjSl ^ic. A-ujLui^. A_ 1 a ja^II JalLjSl djli g.1 ja'ySI с." 3 Vl Ял -ujI-U J-JJj-daS! djl и)*ч aII 
^LqJa! (JiL^. Cll^-iualj djLliflail] оЛС.! j ^^_Э сД -uaJjC. Д -jlVjiul CllVL^-A l^Jj c^-UaLiS! 

tL_jjji]l j-d^V! cii^jj ^jj-U! JU-U! ^^э juuiVjll ^ ^ ^ . CjU-j! dAc. ja~y a j a aj^xJI 
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j^a\ qjq .Ijq'lun jl j^AJ 4 _aj!)Ia П -i-Yl jl p-i-Yl ^^JJ ^ Ajaja^II Jallill 4 jaV’i j^AJ 


101 


. Лд -JI AjjL-all Ajjilill ^^_ijJI CjliUajll jjj ^j!i j\-ui£jj/l 



900 1000 1100 1200 1300 

(nm) ог?^' J 

Aa. jjie AjJ j3 jj ji a^ill AJajul jj J_ulLo J*j| Ajjijfl UjliUaJI jjj jjVUjjl 26.18 JluJI 
ijjjyb Aijkujj .14 jj> Aj> j£ AiLa 77 K (i) : Ajj>jj>S kLLi jj| j AjjJJ jjUjjj jjc- 

300 Jjc. jUjii jjjiil (Н) > (3.18 J^' cJ TEM s jjj-a <^i jjjJI jJJi') 5.0 nm Jic 
Ajjjaji AiU Jj> 8.5 nm Jic (.jjJiVb Ai jkuu> j- 1 s Jj^J AJjk jj> j jjji JjjJ (iii)j . K 
.(SPIE jj> jjb 48 jjajjil jj>) 300 K Jic 1.3 |xm jj> A_uji Ajj>jj>s Akiii 


jjajj Jic. j-v jji j SJjI AjjiILoII ( Photvoltage) Aiil ji j!i jill 






(_£jjji]| j jjUI (ii Aijxll ©jl ja. <L^,j.i .Ikij (i ^ WijqII) 4_*JaLajA ojl ja. 

S.li>. CliliUa dlla^j] .3.18 (J^xu'l TEM ojjj^a jjlxUI 4_1 aja^]I Jalaj]| 
^ jl (PL) A_iUjjJall Ajj'j^'I ^ Ig j'c. (Jj-aa. ^jII 0 jtij]\j IgjijllA j^AJj jjLii]| 
ЯЛаЛ Ailii£ jj£j \-AAic. j-aU-aliA^U \-uu\_ii A_ii]jijjji]l .(EL) AjjLj^II Ajj\ t u>UI 


4_nJI (Jj^. 0^Uj 4-iiljS jj jill ^JaxJ cuUJj ^lc. $.\jj .CjXqUJ j)A Aj]\_k IxJI AjjL-all 

jjSji La£) .jjJkj (\>*i> Ojjj«a (^] Ч- 3 ^^ ijilb jjflJ (jl l. )>j .Aj]Lk jj£j LoAjc. Л_ш1а]| 


<JLaJI £(Ja ^Lj Jg > a j jj\-SJ j)l Aiil ja Jj jill S-jLilaj? j^AJj c(6.18 J 5.18 jjK^i'l ^ 

. Clilj jjLoi^jVI iIjIiIxja jjj a]j\_j1a]I (Jlx£U (JjJa^l ^g -Э jjiVi' ojjj]]l c__fll_ilal j 
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(jjiju CIjIj jjjll ^ -ixjll Ajjix-JI ljVL^JI c. 'qu.r -1 jil оЛ:1л oIjI 4jj1 j 3 jjjill 

AiC- L-fljJi Jix>ll ^ajjAiVI j-o o-lia. J Л1±1а IJ Lijjjl LjjJ 26.18 (J^juJI Ш ^ W^aII 
-lic- 1.3 jim j-o 4 jjjS Ajaja^II 4 Ьа\\\ Ajxiajl 4_lla.j (10.18 (J^LJl !>Ija jlail) 8.5 nm 
Д-920 nm ^jc. o jjill l-jjLjjII a1 ± L Cjaii ojLLq ljVL*.j 6 300 K 


AjcUioual AojjjjLuJj] AJjjLu 4 _l 4 Ja£ ЬШ J. 6.18 

Coupled quantum dots and artifical excitonic molecules 


L 4 jifrn \,g jlc. (Jj>^i^k ^jill t^UaliiL Liilj 4_ilaj-aAll <jajaS 1I JalAill LJ^Ll 
jiaji^j jjjla jC. <JjjiL<i Aj-oja£ Jallj ^LiV <j>-iaj3 C 3 . 1 8 (J^ xii\l ^_^Э <JJJa1I jJ.iiVl 
Ajaja£1I Jaliill jA j!i£l jl jjiijlal <ijlijA 4 jaV\ jj£aiil -1c.La1I a£L<uuj ^Э ^^э\_иа| 
ULa*JjjjLj Ajc.\ ilaL^al CliUjja. ^^lc. J jj-aall j^AJ 4_jl CjjjI Uil jl^-oL/l J^S A1j\ 1У\а\1 
. l-jja. Aijx-UI Ajj JJJ^IVI CliLaJall Clilj ^jjjiUI 4jaja^\1 Jalajll j a CIjIc. ja-4a\I oIa Jja 
J alilll jA jjiaja jjj AiLuball jjjitjj Лх II Ajjij-all LliVL^Jl jjj jlj^V! ojii jjj»j j^AJ 

^jjal! j! jiV! cIj! 3 Ajaja^II Jalijll ЯИа. . LjjIJ 4 * а~ча\1 л ,шЛ^а\ 1 InAs/GaAs Ллл ja^II 
ojlaLiixJ! Я1ЬаЛ ^э ^L ji! jc. <1L^J! Ajjg > a l Lii^j ^4 nm o jj^ ^c-Lia ^a oLajaI! 
LiJaj! L_lilajjl! ЛдЛэ ljVL. .23 meV J! jaj jjaikVI djliUal! Aja ja^II 4_laiill 
26 J! j^j o jlal па\1 L^jIL^. ^Ljil ^IJ (jujj j^^ \ l ^ u*n oUjoj AjjjLo 

jj ^jj LS^ ^oUjiiA Ajaja£ 4 Aqj Aj 3\ j A a Л jn Ljaj! (jja. 45 .J^VI jaj meV 
lIjVLUI tjLLuiil Aj^Lja! A_uj! jj $.1 j^V 4 q\“A a лс.\_1а ljI£Lajuj AjjjLL! a_ia ja^\I JaLjl! 
ciLLuiil! £_iii LS • 4 _ 1 aja ^\1 JaLiU ^l j^Luil! ^jil Ll! L_fllilaj-aV I j Л« , l\l 4 i a\I Aja ja<;\1 

Лик ^ \_ALjaijl <ix-ajj j! jy\ ^jj L5 <_$ j^.j 6 jljSV! Sj^l <1L Ajix-aj (Entanglement) 

t 0 jLijll о2д (Jja 27.18 lMI j^u .a£j12ja1! a_ia ja^I! JaLill jA ju^j ^jjl/^L-^iVl 

4 jl LJaJ oLC-Lja <Liaja£ 4 Lq \ L ** ^l Q ^ L 4 \ 1 -V ^ 30 meV Jjjii JIL jj 

jla-A <lajujl jJ jl J^VI L L\ jjl o j^a.1 ^jj-a j^AJj t4_i3LjaJ ljLuj! jU c-l jal j^AJ .nm 
o ЛД jiA JLwtlujL Aja ja£11 ljIa jLlaI! <а-1\_*_А jjj£ ^IajA 1 jlliA . jjaA ^Lj^ 

л % 

jjiiJJJ LjVL^- A\\&\ (Ja*JjoJ ^jill i 4 ja ja^I! <jl j 2 ! jj£i tAjjjLLl Ajaja^II Jalail! 

1 () 3 .^Ja£ ^Hxa £_jj-al 4 _ 1 ^.\ jL\l C-L 2 I 4 jjl i jjjjlil jjiiA JA^ 
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(ev) isUall 


ejULia jcLj j ic- T = 60 K Jic- ejjiu Jalii uLLja, jjLjjl t iLiai 27.18 JLuUI 


I g*».—; aJjiid Ajjj^S 4jaij Ljajj JjjijJ J5j .4 ПГП ^JI 8 ПШ jjs jj*jj> d Jallj 

uijSSfl jfrLjjj 30 meV e jJS ^Ua JLUil 3 JIa <_^а cjVLJI jl jil jl .(^yJfrSll j»jj jJI) 
.(j»jI*JI j»jiJ AjSjjjS?! 3j* д>'1 jj jiL 102 ja.jJI jj») 4 nm e jja j jJI 


"Ajjujajj! JiaJ UjIjjjIj £. 6.18 

Electric field effects and "Optical Memories" 


dj^LoL^J! VL«-3 IsIaIII Lijlb A» <L-aj-U! 


Aj-qj-q^II JaliLI L Vq'jl'l 


(J-uaj-UI l L-o'i ^ jLaxxi ^За» a . Lijl^-o 4*jJaj-<u-Gj Л» )ll 4j^}i-ua CllVL^. ^^Э Д_и jx^all 

Alc. a jVW ^ll CuLLaL^J! j-aVi jLxj Lg ojlc. j£]j . l-g-^Ja-ui Jjc. Д » j-<iLo ujVL^. 
(J^VjII Ц -jLiC. ^^Э ^Ja-uill (j-o L_Jji]L сЛ] j-q Д -iJjjJa CjLLqL^. оЛЛ1л t^Lxuoij (jjJj 6^-Jajui]! 
AiUall cjL jIuuq (j]j jLu (jl j)£-<uj сЬ1»-э (Jlc. jj^ ji Ljaj! jA ^JajuJI .(Passivation) 
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L_Jj3 AJAJA^JI jUVl Cj ja. tL_jLlujVl O-^J ^.^-Ii.,i 4 L-Jjij 4 n'N^ll 4-lAJA^\\ ^ \\W 

CIjI j й j^_^V\ jual ja. J_uj\ jU j Ялий£-<Л AiUall CIjIjjJjuia CjL^Ujil A A^LLU ^UauUI 

.Aj^jIaII 4j]oC.yi С1з1£1-АиО 

JaLilil <Jjj-aUI jual jaJI ^Ja-uJi jJj; 1 ^ J-ujIjJ Luiajl ^LqjA^U ojjIa 

o^J .(In-plane) (Jjjj-uaII cjjLolaJI A^ja. VJL^Jl oJa c,** ^.w c.” ^4^4-ia ja^JI 

* 

£-a Aij 2 J AjiUa (J^jj JJxilo InAs/GaAs Лла ja£ Jalij l‘* ll nc. Ajajj Cjja. iAjliJI 
djLojix-Q djLuiljjil oJa JL. Ujajl j3jj ttjiiJ ^Jc. ajbLc. .GaAs j-Q *ULi3j e-UaC. CjliUa 
СЛС. L_ix-aji oj ji_*-a (Mesas) CjLuLlA (JLoxjjoiV Aial J-UI <L-ail Cjli <iUJI jC. *o.liiA 
-l^j ^’ 49 .*^ jilUI 4 _iaja^J\ 4 iaVJl CjLuiljJ ^Э ^-uaj^q^ll UjU Ях-ла-лЛ A_iaj-o£II JaliUI 
jV t^JauUl (j-o \jj!i£ L-Jjjia Lojjc. ja^LM <^\ Я -iijj jjj 4_lAj-a£il <Jailil CjVL^* jl 
L VqL jjj j^Liill (Jjjj .Ajaja^W 4-IaiUi (JUtiiV ^jja. ^LkjiuiU ^LAjoii (jj^jJI e-Uaxil 

CjLxjil ^^Э ^jJalj j-a^Ljj ^Ja-uJI CjL/La.j 4 - 1 aja^\\ Jalilil ^Э JjjjjJail JjjLoLaJt 

jjj JjjLalaJI (Jliijl (Jjjj icilli^j .~Ю ПШ j-o (jjl 4_l!aC.I JJLa. ^ Ajla j-o^JI ^JaVJl 
(jjlij oJC. ^ajjj ^LajA^JJ ojJi-Q AjjuaJ *oj£li CjljJjU JJJJ ^Jj ^JauUI j Aj-oj-o£il Jaliiil 

.j*jl! J^ULq 

Л A^LLaj ^JauUi (j-o Vjjjill 4_1 aja^\\ Jaliiil ViUa CjUjJ-uua jC. jLiuJI 0 J jl 

jjjj ( ЛллЭ * ‘ 9, 47 ( <U\^J| j-o Ajalj Ax> jLaxIiuuU A_Lqj-o£ Jalii <C j-aa-U Ajijji£lL/t CjUUail 

\ g j\c. j-uaa. (jii! c<jJaia-iA ojlja. J_^jJ Jic. (PL) J-U jua J_ijUjJa L_i\_ilal 28.18 (J^uWI 

5.0 nm Jjc. f jjjjl-L ilauu £-о AjlajjS Jalij VJLa. ^i ckW/cm 2 Ях -jJaJ j-o ajUJ oJuu Jjc. 

(g,f, d , p, jjLjiil o-lia. JjLiUa 5 L-i bLV! .5.0 nm j 100 nm j^ ^Uac. V£Lauuj 

Ajja-uxa ijjiilaiJi oJia. A_lqj-o£ Jalij <С ja~\a ЯЛл. ^^Э ojlc. Ja^jU jl j^AJ La£ c^) 
j ja£ lJja-uJ\ £.Uaxi\ Jjli UjI5 Л x а~ч а\1 A_ia jaLJI JaWiW . u_lUa jiJI <iUa jo cJjIxjjU 

.55 meV ^jlja. Ajc-jill cjUjluiAll jjj ^Ua jic.Uj Jl (jjjj (_^э\ j* L-jiji-Q 
j-al jaJI ^k ^uJalj JJ*J A^Uj бб.О ШП (Jj 10.0 ПШ j -0 ^UaxJI V£Uiuj (jjaliajl 

CjVlaJi ^XAAaJ ja^.V I jai ^UjiVl J& ^UauUi j a L_JjiiU A-Iaja^W JaliiiJ Vjjj-aUl 

jAa.VI jai <^jLula cjULji! c.*‘ ! ji .28.18 U^x*j\l jjja j^ L^ tcxUI AjjLuail 

jaj ^UjiVI jUU InGaAs A_UaC.U Л *Ui>»a\ 1 InAs J-1AJA^1I JaliUI 

jiij .InAs JLxiiV ^ija. ^LkjiuoU ^ajoj jjV! e-Uaxil jl£ li! jiaikV! cjliUail 
jjjju ij jl ^xijjjU! ^aJauUl jjA^W ^-LAuUi Lli£ (jj3j ^UaxJi С* п*ч ( iaJ\ Aic. jJJ 
<JaiUi ViUa CjU jIluiaJ (jjjVl jaj ^-Li ji\ Cjj^a. c Ajaja^W Л AVJ\ A_ia. j-U\ (J! jU\ 
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fLxjjjoil I jxi ^Ljjl) (jljjjLll ^jjSLjj t (jjVJ g. 1,3-1» II aJLx, ^Э .А_1л ja^IJ 

Д— jj\j x^-i\l ьлА j (^Ljj-UJ ^*4,3-u>j\I jjA^il jx (JjjjVI jxi ^Ljjlj cJl-*-^ 4 ^! 

• 5.0 nm g.13-1» II <3Lx ^ l-lx <ij»->Ja AjjjjJall 



A£L&auj Slhf a jJauill L_iji InAs/GaAs 4jAjm£ Lllll 5 JIa f Ja AjiLixd 28.18 J^uJI 
ljUJI ja CjLajlLuiI j ckW/cm 2 Яд -uajj 77 K Alc- PL t al jJ-ai SjIjI ljjx .Цо31 jLuLa flkfJI 
.(f Ljoii] jj-eVI i^a-UI LPk 106 jajaII (j-®) .^LUaj^U AjijiLuj 



(Full-with-Half-Maximum-FWHM) JaLII ^^uaSVl iaJI Li^U jJu (I) 29.18 JUJI 

AiJa ig, f d, p, S LjlLJail ^ijA jJu (cu) jbj .fUaxJj A£LluJ Luj PL Ajj jLail AjjLuiII JUxa j 
.(fLjoill (^ujaVJ .^f -all ja JjjL 106 £xja]J ja) fUaxJI 4 £LauJ Luu (WL) uub jjII 
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jJU « g.Uax \1 <L£Lajui 1 btJJ Ajjj-^aill j-aljaJI JJ*j 29.18 (J^jaI! 
c!j 1 j ^jLuull ^Jj jjauUI^ *Lc. ja^ a\\ ^jjul v'ijJI jjc. ^joi jj]I ciJjjjtiJl 1.29.18 

jjC. £u-o Jjll jUa jLjjl lJIuA . ^ jjjajll ^Jj jjauUl^ PL 4_u jjJall AjjLi>i\1 oAJj 


J-UjjJa]! J_Jl_iJa]l ^pajC. j-o -lljj La tg-lJaxll J^Lajuj ^jla\ д~ч 'il £a ^ju\ V\a\1 


цЛ <\л\\ jjc. £uajj]| ^ SjL jll j±!ln .46 meV -ii jj Lo Jj 30 meV j- 0 s-AiUalJ 

jjC. j-o .^Uajuil! ^Jj L-JjSVl A_iAj-a£ll Jallji] ^ijjj^lVl JajauU! jj£! djljjii ^Jj 

iaU! jlajC. ^Э oj\j j ^Jj ^jjjjl V'iaII jjC. £_uj jj]l ^Э oj\j jJl оЗл Jj*i jl (Ja'W а\1 
LaI . jjU! ^^Э jjJjjjA j-o Jj£b jx-ual ajlc. ^jii! Si jii-<Jl Aja ja^\ 1 JaLji] (jjii\ VLll 


cj-aaVl ja-i ^LjjVl ШаП ^jil! t<aj3jll e-Uaiil <aja ^^Э (JLtiOli ^^jjail ^LkjLuVl 

jj£j jl j^AJ i^LlA^ . ^JjuI V'IaII Jl£* £uuljjll jLijl ^Э L_l±uJl ^_ajVI ^Ac. 

<ja JA<;\ 1 Jaliiil ^ jjji Aj-uj 1 ui^k jj£! ^Uajuil j-o Ajjjiil A_iaja£] 1 Jalij]! ЯзЦэ CuLjJjoia 
£jui jill ^Э ^aLujJ 4_1aja£ 11 Jalilii (J jJjuiaII ^Э ^Jl jjujxll ^jjjjll jl ji -lil j . a jj\,*4 а\1 


52,97 


. j Л\ ^UiU! j 


JjLjJall aijuj ^^Э jaJjulaII (jlaliauV! 1.29.18 (J^**i\l jjAj\l ^Jj jj*4a\ 1 jju 

<Jjoij .^-LjuJI j-o Л_1 а j-aSJI Jaliill j-oj lu! ji^l £a jj£il CIiLjja 3 (jjL Laj Ajjj-Jail 
du£ 4^-LajuJI jA L_Jjii\u (PL Quenching) Auaja^II Jalijll Ajj jjJail J-uLjJail clu£ 
jj ijxUL .^Uajuil jA LUjiiL A_iaja£1I jLV! ЯИл. ^^Э Зэ^Л-аИ Ajj jl>»\ 1 ALL-Jail 
JjjliAii J_L\i tA-iAjA^Jl jLVI jl a_iaja^\ 1 Jaliii! ЯИа. cuiiU! ^u-ojlj <xjula1! jLac-VI 


jjjualij L_j.29.18 *l\l ^ La» J .Axjula]! jj C. ^aUajuil ^aVAI S jLc.j LuV^*-a ^Jj <luuiL 

j-a^V! ja-i ЯзШИ luLjJjula ^Ljil ^Jj AiLlaVL .Л_ 1 А jaUI Jalilil Lulija £3ja jc. ji£! 
Ajc. jill luLjJjula]! jjj ^Uall jc.Ljl! ^ jj3J j\uj jl <1ал.Ь1А j£-<u ca^Lc.1 С1ьиЭ jj ^jAI 

tA_ic.jiil luLjIuiaI! jjj ^iUail ^oLull © jL j .(~65 meV jA j!i£! Jj 55 meV j^) 
jA <a»uL jVI ^^Jc- tjjVI S-LLiil Я1\_а ^ (jjjVI J^»u L_iiilall ^LjiVlj 
.^UauAI LUj3 oLuaII AjajaU! Jalilll LuLlUa] AiUall luLjJjula ^Э jjjaII ^AjjaI! jjA^\l 


jLu LaAic. jA jil ^a J_UjjJai! JULjJail (JUaA JJ*1 30.18 (J^jJl jJU 

frUaC. ЯИа. ^Э jA jll £a A_u j-Jail JULjJal! oJjuj jji'n V .kW/cm - Ял_х 1 а 1 jA AjjL oAjuU 
Я1Ш1 4_ujjJall Д_и\, и>>\1 ^ j-aiLi iaa. jl tjjliAlL .(100 пгп) JU^I jl 10.0 nm Aj^Lajui 
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J) Llbj . J« jl 9.0 ПГП AI^Lajo! ц^Л! e-UaxJI CIjI i CjI n»,'l <]!_^. (Ja j]l £a й jVujjaII 

oUja]! A_JJjjJall CIl/LaL^J! C1ij£ (jjfLij . ^jjLa J Ал . jJaJ CIiaIj Ajjj-saJ oj£li CjIjjjIj 

jjjLi .^^ic-VI ojlj^JI CjU.jC j jju-sal Cll£UxJI Cllli 4 jliC-VI ДЛа. ^Э ^jjjjI 
йЛЛ JaHILj Li^jjCj ^д -^jIujj j <(30.18 (J^'l ^ “off” <!>L1 aJ (Jjlic oCc. cj^lill 

. (JjliUI j-Q Clll JjujC- Л -jCaJ lj jj^aJ Aaaja^'I Jalij]l jli ^ 1 -л.У^ AjjjjCall AjjLbJall 


<lLalA £-U.jU "o^ljil" jl 4 _u^Ija] lc^. <jJall_iA Cllljljj (JLaxHuiI Ljajl (j^AJ 


li& ^ ^ . Aj jj-£aj]l dlbLcL^JI 


(JjxIa (JjxAa]I 11д (Jj£Lxj ."<Jjj£c" Aja ja£ A 


jjj£j ^^Э Ajjj-^j]! CjXgUJI ^aLujj <^Jajoi]l (jA ‘Liiji]! Ajaja^II -lalij]| ЯЛ^. ^э 

ciiVL^. jjj cIljLaL^J! Jliijl cxj CjI, w cJI Jj -^аэ (jA (Ji^J! Luijj . (J^IU! ^э ^jLj^ 

.^Jajoi]! CliVL^. j Ajaja^II A LaVJl 



(s) С>Л' 


Ajjjlil 4 j A J л< ^ JaliJI J jjjliJ sJC j»j£j jjJI Ajj^fljjl sjSlJl JjfrlL. 30.18 JUI 
.kW/cnr AjtJaj (jji AjjLj sAuj AJjJJI AJLJail jIjj .300 K J 77 K Jc. ^ь, „н 
AjjjjaJI AlsLaJI JlHjl jj£jj .jju^i jl 9.0 ПГП Aj£Luj fUaC AJLa. ,4 jjijjl дл (jdSl jjjj 
jj jiL 106 JajaII C>“) (jJcl s jl ja. CjIajJ jjc ji ji-ai AjSIaui fUaC AJLa ,_ji £ j_ui 

.(^Ljjill <^jAfl Jf* л\ \ 
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AaL JLoau-ujL LjI j Ди лул InAs/GaAs j-a£ ialHl AjjHII 4-ujAjA 31.18 J^LuJI 
.(£! jiiJ Ajijj-eVI 4 -uuj>x]| j-a jiL 108 (ridge structure ) ui. 


А^зУИ AjjjLUI ^JjdJ jij- 4^1 Я-изЛДД 7.18 


Site engineering of quantum dot nanostructures 


JalUI ^JjJajJ ^^Ic. o j.vi<JI LjaI (jj£j U' t CllLajjla!i]l ^paxJ ^^Э tt-JjO^JI 

Ajjlill £^!ja Д -ujAIA JLaxjjujI . (Jj n* a Ja-L jl L-JJJjJ ^jSj e-LjaJ! ^^Э 4-1 aja^1I 

AjliSJ (JLjlIujI LL1a 3 .Ljli ЛяАуха 4_ia j-a£ JaLjl ^jI^aII L_JJJ^lll J^j'q Vl 

Jallj (JJ^J jjJxjj <ilUa L_S J^)^. (jJj^lil ^LjJI iLLololl JJC- ^ajJAiV! 4 j£^)^.j <Llaj-<Jl 
LjajC. 31.18 (J^uJI (j-a^)XJ ^ ^.4 flj^a. I (jj3 Aj^j 4 L-a ^^Э AjuJajAJA 4_1 aj»g^ 

А_ 1 л ja£ Jaliii (j-o LLaj_bd c" 1 » *н-о 4 (JjaIL j . 4 _ia ja£ 1I Jaliill Ja^. I \ LLia^. 


jl cL^Li (J£ LJajj j J'la a^ Llnak t(Petroff’ S grOUp) L_fi jjjjj Дс -ja^-c ^ LjIa Д* а-ча 
(J£juJI ^Э (jif-Q jA La£ 4 Lj jfLlA Ax *u-aA (Mesas) L-jLulIa (_3j 3 Д -jjjA Aj-oja^ Jalii ^jj! 

ш . 32.18 
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4 JLaiLLuib Lulj Яд aa л In As/OaAs Ллл ialil! Aujillt Д . н V>, 32.18 JLuJI 


.(flujjiU ^^SjjjVI л$» д| | jjiL 111 £a.jJI (ja) Luuj (jjj jju 

Summary (j-aale 8.18 


4 ^j 4 Л 1 д ^ l q i \ \ 1 1 q л \ L > \ л \ l ^ j ^ l 0l i 4 L1 ‘q ‘ i \ AjjjL]! ^ ^ \ Л 1 j \ a \ 

4 U.ro Lljll SJjjSI j-al ja. LijII 4я .q'nMI 4ла j^ll JaULill CjjgJa! .<Jjx-o Jl CljLij j jj£j^ 1 

V- Ajjl_i*u(Jl LjjL-aj-<J! t fll x-Vll <jlij £-o AlaljJ-o l_g_jj . A_iC.l_llaj-aL/l Cliljjll 1 g g jl Ji' 't \ 

ClilaUa ^jJajki Lauq o jj» j L ojaja. AjjjLill ^_п]| аЛЛ lMI'L'i .AjaLjaj l__j jJC. LgJ jjoj]j III 
(J.wMl jx-ajaj V .(^ijxil Sjlja. 4_^jJ Aic. A-ijljaJI AiUall j-o ^^Jc. l^ ajJJ^ jj-aa. 

.jLuVl ^Liill ^g-xij^ll jjjJI Sjg_a.l $.!л! ^ LaVi ^^^Jc. J^i^ A-jjx-aJl Ajjjjj£lVl CjlajjlaMl 

> # 

ClilajjiaJ ^ ^-Aj-a^ll jjjI! Clil J Ajjj-aJl AjjjjJ^lL/l Lljli j^-xJI Д_а.1 jj _1*J c!)L1a3 

Ljaj jjjfLi-o 1.3 -lic* CjljjM jl jjjfL-o 1.5 -lic* WDM Cliljjj] ^]L-a] CjVL-aliVI 

ь jg_a.l JjAL L_flj]l£j JIaj j 4_a_JaL jjj-*i ^ l-lia. 4'\\\л Aj.\)]qill a j^_a.V! оЛЛ jj .Ijjj£ 
J!Lq d.1ij 3 j-al jk jc. l" \^\W ^Э jij j-aji]l .Laja I jjL^. jjjLi jjLiLLI ^^Э S-lila. 

DjljaJI 4_^jl AJjujI uiaj (.4 x^iqVlMI <L-uLui]lj ;L__flj]jj]l L__fll_ilalj L jUaill jja jC. L_ иЛ 
.AjjLa]l L_J jJx_l] ^ajl 1-й L * пЛ Ja-ujjj C Jiuall jjjI VL\1 JaV]l jiajC.j L^uJaia-uJl 

^_л LiiU Ял_ла-с Aj-oja£ Jallj oj^L ^^^Jc. Vajlij Я -ijjLi ^^jj !л£л jjiaj j£-aJ 

.lia. ^ V J_ujjLa-oj 4_LoLaJ] j*^>a j t.lia. ^Uaji! j l 4 Лх , Jl Ajjix-a j-aljk 
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jtfUJI Qjb ллс. a A^^La (j! .l-ij!b <*_a^-a 1! 4jjjl_i]l ^_ij]l 4 jb^ ^Liil jaU! djUxui jaj 

<Ajlal! o_jjL*i1a]! 4_LuajA]l c. \ksi\ ^ \\W ^joiLujV! j^l qVu*)V! 4_aj j& jjLoj]! рЛ)-ч11 SjIja]! 

Clslijla ^±1 l^J A_ia ja£ A Iiq'i dj!_jjj] jJjjaj j^AJ ^-ual j]l j)A .4_1 aja£ Jallj ^Лс. 
Cjlinkil! Ja^ ^UaIL .^UVI J! o jj V ia <jJai^_iA o j jJ djLiic. ^a <liaj A_ij jjj^IJ 
d l Vi 4*_ujL] Ajj j-da djLui^-A j t ^u-U*]! jjajll ^Э £J jjuj jjuiVi AjjUAj aIaUa]! 
C1j!jjjIj £a Ajjjlj ^jjj t^uJaLi Jjjj] UiaJjC. AjUj-uj! £a Ajaja£ Jalij dj!i g.lj<a^ll 
AiLdaj .<jjjU <ja ja£ A Jaqj ^jj jl ^JauuJI ja Ujji Ajaja£ Jallj jLa*Jjuilj A Ag a oj£li 
j-aljiJl ^^Э aJaLui CjljJJ*j ^LiiV dLljjuil] ^^Ulj]! ^ jjU! (JLa*Jjui! j£aj cdi]U 

£_uijj]l ^^3 Ulldajj C^jjV! j^-i U-dalj ULljjl (JajuJ LaJ cA_1aja£ 1I Jalljl] A. iijjj^]L/l 
• InAs/GaAs jl j-a ^aUaj ^ Ajc.jill CIjIjjIuia]! j)JJ LiiUa 1-ldLnij c^jjjjl У~1а11 JJC. 


Questions 


Д -IIuj! 

<ibJ! LjVbJl Ail5S-l 


jjuiLiaI! jjj£i]b (Volmer — Weber) jjjj— jjaIjU vljVill ^jAVill JUjIa с" 1 \а> 


j^aj <jl jjVi .(Aja j-a£5l AJakill diaii ^LjuV! ^Uj ja^ (j! jjjj^ Aja ja£ Jallj ^^jjl 
CjVUUl AiLi£j A uiqi ^auaJI Jalijll ^JAaJ^ Л_ 1 а ja£ JaLVj !л£д ja <IaI£ <C. ja^a 4 jA'n 
c" iVi 100 nm -dc. £_dajAJA ^JA^ JJJ Jajuij ^ t2xl0 10 cm' 2 UjJ5 Sililj 

l llaJaaJ Clljjj^a 1л£ ^Jt> Яз1_1а]1 CllljjlljaLA] A^jLiil ^ >*1 ja] 1 jl jjajj^l ■ A jj* Д1 ^Jajjj 

. oLjjl 


■ E = 0 meV 

Eq W (2) = -20 meV 

Eqw( 1 ) = -60 meV 

Eq 0 ( 5 ) 

Eqd(4) 

Eqd(3) 

Eqd(2) 

Eq D ( 1 ) 


= -100 meV 
= -125 mcV 
= -150 mcV 
= -175 meV 
= -200 meV 
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JaljLii] jlj GaAs I LuLq o 4_liiJ! ЯЛа, SjLaII j-alj^. j! jjajjSl — I 

j AjjjIJ jjji^JV! diVLa. 4iL£ с_ьа1л.1 . ^^ial Jj]l c-jJjju а ! Ua l <aj)a Ajaja^JI 

.jUjV! aU^I! CjVUJ' J ^UTjN JjS ^HJI oVbJ 

LjajjLo .<JUJI A-l3\ J 3-i -q jiaxJ $.! j^V jjC-jl jjjil jiJa^VI -la^JI ^.Ku»j — t-J 

LllliUajl jjj ^JObQ £_1A^J ojlc.1 (Jjx-o j Д_^.\Иа 1! ^VI diVL^J! Jl VLx 3 ^LkjU 
^■cJ-q (i) — S <jj'3a^'l djIjVI oAjuj jLi 4L_jjijil jy-Q ^jLgiV jl j-q 1.0 ns j-o 
^oj-G^il jjjil Я11л. (jji 10 meV e-j-U (ii) j U-xjV! Ajjij-ail diVL^JI ja -ч 

■[Eqw (2) J] 

CljbLQLaJi JLxiil ^LkjJjoij/L AiixJ-UI A 'iSaaII CiIjIVI j ULjaail jj axj jLajL jjiL _ LJ 

.ЯлЬ !Кд J UtUI OVUJI Jj 


AoajaS Ajalij ^ ^jljaJI ^jjVI CjIxUVI-2 

4_1л j-a£ Jalij Jx-ja^-q CllLxjj! aI ^J.6.18 ^joiiil 1.18 ^LIxaI! jjC. _ I 

.(F, D, P, S) ^LuV! Ajji^, cjVU 4 41 


Aic. aj-qja£ a Aq'i Дх. ja^ a 1^1 ^jjjJail ^gjljxjill CiLxjjV! LjLiJ ^-ujj! ^ 


AjO jii! JjL jJjjiaI! (jJJ LjLolIa Lslia Ijc-Lj l_Ja ji^-a A cl Sj! J- CjU.jj 

L_jja jjJ! AAila Cll^J ^Sj ^gic-VI Aj- 0 j-aiil <Jaijl! <aUa jl j c50 ШеУ 6 jUi 
<ij]a (jjjJa jc. cjijLaL^-ii Lj! j^. Ljjj! ILis Ljajl Ljajji-oj c50 meV jILLaJ 


• с . \j3a jiil 


-3 

J£jL 1! (jjflj j La£ (Intermixing) ^UJI ^j-U! ^L-^jj La Lllc. 

S jjjjj-LI 4inJ c!jL j£-q ^jL£ jUj . jUHj^U (Fick) iiLa £ i jaj (JLa*jjoilj cl8.18 
: Jj La£ z (^jl V| L' ! jj^ Л ^ V. j л\1 cxUl j j ^ J Ja ^ 1 г л 
X(z) = X 0 +!/2 

X X,{ erf [(L' z + 2(z — z‘ )) / 4L J Hterf [(L‘ z - 2(z - zjj / 4L d ] } 
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Jjj jjSjJ jA X; ijljoajVI (Jjia jA L(J 4 j^J-iJI цй a£jajoJI jAj jjSjJ jA X 0 l'nt 
Л er f[] j J"J^J z = Z 0 ^jc- S jSjjila Lgjj3jc. ^gjll ;' aSjil CjIJ AjbJaiil ^gk a£jjjoJI 

jboj ^SjaIIj aS1xja]I <iljti]l jj£]l j j\ ]aj]l й j^3 Ja-jj £*ljjjjjl ^j-li-J ■ I LJ. II jJL 

jjj JJLj. L 0 ‘Lcjlla jLvjjjl (Jl jJal jjc <£jjuJI jjSjj \jj\jj j»-jjl . X( z) jjjSjj]I 

• 3.0 nm InAs/GaAs yL 
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JjudC. 

cjUjjjiisibU AjjjUit ^jjit 

AjjUaxit 

Organic Optoelectronic Nanostructures 

(1) йДл -j •£ 

.^jjAujSbb ^ Ьл. jJ jjSHll 1 . ш,> jJ AjuiLa. tfbjjill jwi 2 


Introduction 


4 -ajLa 1.19 


(JlSjil Cli^j Aj^jJI I Vil lil j-<i jlSji J£ ^_3 AjjjSjjII JjI jjjuI jjII 

iijxJ .ijjlboiVI 1 iLjil Jj Яз1 jJal J_lljj3jj]l ^jlc-J (Plastic) Ajjjlilll jVI (JjJi Ях. Jjjj 

I ^ J) » (Passive) AjjLj j ilxila jjlajjiaj 1д jLaiiil c^jjiU JUij 

1 j t L QjQ-n.\ 1 \ ^ *t j j j 4 4 -n. * x>U \_£jj]jtii 4 ] j^ 1 1' (jaljjllj i jlljJI AjfLiil^jAll 

ji.1 jl ^ (Conjugated polymers) Ai 2 ljl<i]l Cil jjjuIjJI j_sLjjSI j) .4 . >iq4ijl l 
jilxjJ] lialjjll lilii jLo sjjjS (Conductivities) cjLJj -aj^ ^^u-iaLUl jjiJt CljLmxjjoi 

tdiLijjjjilVt (Active) <Jl*i Si L q dit jaaJ jJt ^t,w"u J Jjjl£_aj ^cSLj 

L j£-^ 4_9JiL^. ^Jj t-l^ -ic.j (Jjj^i ^ . itWi LJ .Ajjj-aJt CliLij j jj£^V t j t djL jj_*aj]t j 
AjJjjj£JVt Ajjj-oj] jLtj 4_3jjJa*Jt j j-Ut (Jijjjj jVt d-itii j^]j c jJjJ-a Ut j C_i^j]t ^Э 
jjJall AjC-ljlt datj jJ_llt jj .AjjL^jJt CA VVutt JJj cjt jiik-Ut ^ jLk ^Jj Ajjx-ajlt 

^ Aiat jl« o jji-L-a Ajj-Jac. CjLj j^. Cjxl L a ^jilt (Light-Emitting Diodes - LEDs) 

jjjjIuj (Jj-q Cllt VUiX) ^Э jlajC- jx-aLic. t cJtj-Ut (JjJjuj СЗ^ 6 J^VujVt Cj 3 jVt 

L^LlJt Lljjs tilL ^jjj jt ^_^.jVt j-° j . A_iA3j]t dt jjjt^lt j c4jjjll_St c_ijt j^Jt j tSjLiuJt 

.4jjJt A_ijjt -lllt ClAjjjjj£JVtj <jj-CaxJt Ajxj-ojuJt 


( * J. R. Heflin, Department of Physics, Virginia Tech, Blacksburg, VA. 
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AjjLvl .lajljj L-JjllLo (J£joJ cW\"iaj Lo-lic. jil jIa Ajl ^Ic. £(J j> ^] jLujJ 
(J£ JaJJjJ (." П*ч JjJjill CllljJ j-o <1xu1uj ^Э iJllcJI (JjJjuj LS^" (Jfc^i'VJ .<ac.\ t>siAj 

i jjjj^I] Ал JjVI jSl^ill dj\jjjj£Ij j-o c 4 j!jL (j£-uJ .(jjkl djljL djL £-a jjjj£ ojL 
(J£jjj .DjjLa-o CjljL d 2 jL ^a Jajjjj ^jillj G djl j!. 1 a ^uuL Aijjx-o S p 2 A n> Д CIjIjIaa 
Я д_ийа j-d-o jjc. ^Jbj 47 Г AjjjjjilJ djl jldo oji j£ j-o A j'q f‘ix>\l jil^j]! CjLjjjfl]] 
^jjja j^aL u aj^l 7t cjLjjj£]Vl ^xjJajdj ^jc. jxi ^cjjj .^jjaJI ^glc. (Delocalized) 
c" n^k (JjjJa &(_£ j> jc. SjIjC. jA jj-ajjj]! .Д -Jlc. AjIx-jjjj tojJJ^ Ajj\ W q nd j j 5 

jj ^ic. ^jj 1.19 (J^jj]I jjjj .CjIjj]I c_aV I j! CjIjj ajjjLujV! aj^^j jj£jj 
10 7 j 10‘ 1() jiJ Aia! jij dj! jjaj] jj] cjLiL-ajjl! ^jl jli ,л j\I Я1а! j1a]I Cj! jjjjIjJ! 
J_Luajj Ajlx-a j-<d! j^aj\ *.--vv\l jl . AjJj\jj]l jjLt-edL 4_u^a\_aJI d]]j jj ^JjjLo cS/lll 


J ji]l Jjj«aj]l j-aL-ajjLO Cj! j Lgjliliaj £-a Я1 э! jja ]1 Cj! jjaj]jj]] 4 jL^ jj ]1 


1 1 


.AjjujijII Д -j jjj^lVI jjlajjiaj]! ^ 1 jjj£ 4 _a£-q \,g \»V‘i ajjj^]! CjLiAJa'q'n nV 1 j 


Polyacctylciic 

(PA) 


Pofythiophcnc 

(PT) 


Poly(3-alky1) 

thiophcno 

(РЗАТ) 

(R-methyl Ь«Гу 1 ,йс.) 


Л Ч" 


Pdyparaphenyfcne 

vinylene 

(PPV) 



Poty ( 2,5 diaikoxy) 
ptraphenytene 
vinytene 

<c.g. MEH-PPV) 



A\t Ay\\ jj jiL 1 ^jLI jj] Ac> jjj4 Aa^Ijja lj! jjaj] jj] AjjjjaJl ^jjll 1.19 JJLuJ! 

. (AjjLjji]! 4 j£jjjV 1 


<1uiLuj a j jS"ia\I j^.j]l jl ^^^Lj-oj]! jsl jlLl j^Jl jjjLa jl jJ^- 

jl JA ( (J jlc. JJC. J^j ^gJc. \_AJ J^ La J-4C. JfLL V Lg-]L 4 jlA jjljJl Jl J^. jA Aj JJAj] Jj 

jxs «lilxll cdi]j £-о .AjjjJaxJl <iLiaj£] 1 j-o Aj. j\Vi Cjlc-jdajA j/j» j \ g ‘iS\ j tAjjjL 
<_5^j u' -j!j-L! ^ihij\Lj ^jaVi\L jjLLLI jjjL]! ^SViW j£-oj cjVLaJI 

j^jjj jx^a9]l 1 j^jj L_fljjuj . Aj jx-aj]l A^jjjilV! \ ^ ^ ] i -ч. ^ 4 bjjj^ t. ** \\ \ . u*n. j 

jjLLLI ^jjLli ^jili]! ^jlaViW j ^jiliJl ^ja~v’i\I jLjtjjuji j ja. с <]ja\ (j-L. ^^-ujLujI 
tAjjjJaxJi jJC. AjjjLli jj\Aiui>\\ jl CjLjjjljili (jLa AjjjL jj-o £-a L-JjSI jjll ^] LiLjaj 
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t£UJ! aiIc-LaI! ^jjjJax]! diL ^ jUI ^LI ^э jjjm^ij jjj-olj] 

j-o j£ Ui l ViSa (JjC- ^^_jj jj^. ^^3 .Ajla^J! JJC. CjLjjx^i J! j! jaj tAjjobojai]! 

.aIlJ! <]jjV! (j^i» j Ajaialjj ^lc. LiA jj-saj^j t—a jjuj Lij! Vj tdjVl •vaII алд 


AjjxaJjJlj AjjJaxJI f juall AjC-LJ! CjIJjj^I 2.19 
Organic and polymeric light-emitting diodes 

(Photo AjjjjJoJ! AjjLjjJal! AJlc. AjjjajJ jJ! j <аэ! jja]! cIiLj j^JI j-o jj^xJ! j! 
djLj jjjil! <jjoii) (Quantum efficiency) Aj^j^I! S^liSJ! jj£j j! j£*j .luminescent) 

cLixjIa]! jjj jil! Яз!_1а jj£j cLoj^c. .100% j^ Ajjjs ^Aj^3jaa]! CjL jj jil! 4 j*j1a]! 

Яз!_1а]! jA ! к^-хя ,) jV j^~i"iaa!! jjj jil! AiiUa j-o ^(J jL! (_5-^ j-L! (JjL]! ^^JlULj^ (Js! 
jjj jj jil! ^jiaUa jjj jjil! jLLj .Ajj! jja! JaLi! (J£joi ^^lc. SjIc. c^jj^J! Aii]jj 
i jL! ! jA jU! c- j^J! gU j-aL^alaV! (jjUajj .(Stocks shift) j^ jloi ^LjiL 
cIjVLU! ci^J JJ (Ground State) AjjJajVI <]LaJ! j-o SjLVI ^ ^ . jLix Ajj^i]! 
Aj^. jU! J! jiaL/l (_£. 1 л (jjUajj .^UjjV! i^JaiklU! (Excited states) ajL-U! Ajj jj&JV! 
AjjjaxJI djLjjjJ! ^jjj ^ iu , ii .3.0 eV JJ 1.7 eV £-* 700 nm JJ 400 nm Д_и^)Л 

jjjiaj jji aJli tilljA _lU j] 1 (J. 1 a]I (jJS ^Jaij a jljj ClllalJa 1$] j'ii JjjjjjJ ^j]I j 

(Organic light- s- jj -дЦ Ajc -Ь AjjjJac. CjIjjjj ,jji (RGB) jjill ci«l£3 ijjajc CjUU 

•emitting diode - OLED) 



. fjJaJ JjcL jjJaC JjjJ Ajjj 2.19 JluJI 


jjjl^il j-Q J tjQ^ a\I Cjlj a jjfLTJ I Juaj (OLED) S jxjai] Cliclj (JjjjaC JjjJ 

^ijji Ajc ^L-Ja . jjj jjji^]|^ J jjVI j-a 4 ijO^ Л jij]| L& jL^jl ( i- j 11 . ■ Jjjj£]j) 

(Radiative ^^сЬии) auu-al ^j^l 4_iilc 4 _jjija£ Sc.US lilLiA dijl£ lij - j ^^jjj^. 
Ciljjjj£]yi j-e ^ciijj ‘ j jb^j (jfL-U! jUil (_>« ^cjjj UJic idecay) 
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jlAx-ajj ^Ic.1 Cjljljj LflUjl -liXJ j! jjflj jU J) C Jjj^l) j-o J-QJ ^]| L_J j£i]l J 

JUi OLED J j! (^Ас. JLjLlij ^iL jAjj U1 - J3I jlg-> Uli£ ^j o-°j 4 J®I ^jjJa 

^jjjL JU*jjuj! (j j> j jjUIIj j jjV! jjj ^ jjjjjj.Vu*i^ jjjillk-o jjjjjx>»c. jjj^U ^UaL 
£_1д 4 j*j . c- jiii" 4 jc.\j Uajoj SjU AliUaJ (AICJ3) ^ajji-LVl ( jj]jli£ ^uUjj-liA -8^ 

^(Recombination) cUj! sUc.! J j>^ jjflj Alq 3 — !! aUL jjc. mLjj&lV! JUij! 
.Alq 3 — S!j CjjV! jjj (Aromatic Diamine) j jUc. jj-ol ^Lj j-e aUL l_iijuj jj <_$ j> 
^jjJ! ^-UuJ! ^ u-^ij ^j j-<ij tCjLjjjilV! (JjU j l_j ji!il! JjjJa^j JUiu jj-oV! ^Lj Jib 

. c_j ji!iil j mLjj&JV! aUj! SjUV a_ijujjjj]I лИахл!! Alq 3 !!j jj*VI ^Lj ^jiija jjj 

c jl g >!! j-o cijjlflVL UixjIaII f-jjjall ^-Ujuiilj . jl g *ч1\ <UUi! А_т1! 2.19 JUi]| jjjj 
(I ndium Tin oxide - ^ jjJiVlj jj^U"! . \uuS l JU l_aILj Jj-ajja ^LVUl ofllc. L $j>j 
£ juJal! JaLujJj C^Ljl! (j-Q 6 jUj ^gic. ITO — ]! jjaj . J jj! <i! ^ic. ITO) 

j! c^jjj-JV! (JU AjljLuj ojU jc. ©jLjc. SjU jA fljjUil .^Uj!l J!>U j-o UixjIa]! 

.^! jil! i"iVi jjLU]Lj j jjUI! l_jjjujjj SjIc. jjaj . ^ jjUUI! j! ^ j j j* - q\I j! cl-jaI]! 

(Hole transport layer-HTL) ^jjSj!! JaiS jU yULj А-Уа ^^L^Uj £jL JaLU! 


(luminance) £ j-aj JjmiUI (j ja. .60 nm aIUxjj Alq 3 aUL j 75 nm a£Ujuij 
iULuj ^jj^ai 4<jjlUi]J .10 V j-a Jfl! (jfUo JjjU jj-U flic. 1000 cd/nr j-o j^! 
CjL jj jil! аас. ^juuijj jUJI Aj-qj-U]! ofcUSJI CaAS. .( cd/m 2 ~ 100 jA c_jjjoiU 
‘ JjVi jU J1 1 U а!л .1% ^ilja. j!_g_f-i] ^Ljj^-a]! cIjL jjj^JV! аас. J) 4jxj1a]I 
jU djliJa ^ljj) U]i Uj OLED !! U\-i^ jjjumj] diLjlU Sac. jUjj (jj> 

fl jiV! jjj <ajL JUj U]i£ j cfl jjUi! j 4 jc.L 1! AifLal! jjj ^l_j jijl! tUlLjj ^lIiLjjj^IV! 

jl .Ljji-ujjij Ljjifl LiiLU (Dyes) a » u-oL ULLUij L_jjij]l jU. < iflU HTL !! j 

jl Ujxj .ljL jjUJV! jU j-o *uli£ jj£! alc. (JUlj jA OLEDs — !1 ^ L_jjij]l jU 
(JjJafll jjlji (ji) (_£^jj L_jji!i]l l L w*i HTL — !!j ITO — !! jjj aLiL (JUj) 

.UaUa!! Aj^.li£j j\ ,g ~ч]] Aj-q j-oS'I *Uli^!l jpumj Uo L_jil — jjjji]| 


j-e HTL !!j ITO fl jjV! jjj AjIjj <iU ljjjuijj] <а1и_л (jl! jU aLvUil (j j> 

CllJkJ L_JJjulJj]! J cUfl jfl flJxUjl Aifia] LjL jjfl jUJ! L-lLulJJ J ilmL-OJ^ll AjJbuJl \ g ‘l-Cu-O 

AiUU (j jjLl! (JjjLLLL ^i) (jflji ^jiil ciiLjlU]! (jflU .Uj-Lac. LsiLl $.jUJl 

(Chemisorptive) ^gj UjS' l j! jUVL (Siloxane) jLUjUml] ^lfll! jj-o>j!! A-mJI 

^Lrn^ j! jj-o! (_^j> »3.19 cJS ij'l ^uJaj-o jA LU t(jj^.VI jb AmJa Lj! 3 flj.w-o'1 
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с Jjk-a qa ftlHjl Octachlorotrisilosiloxane jLa£jlbji J>Ij jjjK £у> «— itLlai 

j!j£i J£ (j-a jLVj •bJL-aj cj£li/bjlj^ ciuuJailj c(Hydrolyzed) С1^_л1к j 

U $.!}Lkl! cli^j l_jjjujj 11I (_)ja <xujja 1I datkjlall ззс. jjxoj .0.83 nm a£Luoij <a±Lal 

<a±lall jj.ll cJj-iaa-Q (j-a^i Jjal 1 '{\aa ^Jj-sal с^_1Лл_а 11 .IjiVI CliliiLaj cAl(j 3 J *HTL 

^i L_JJJJ j-aaLil ^j (j3jj ‘-VlLfL £jj! оЛ^.1 jl L_liujjill jl ^f-j ^Sl . 4л\) \W 

<Sfla AiLjaj jj .AjILUIj ^IjVI jilSflall .Ixj jl£V I j-sa3llill (Jjj^a^ £a tc_JjSill ji^. 

c" ix nj lAJlic- ^l (Turn-on) (Jli-ulill 4_nl j3 ^ijj jiIaIVI j* -i jjU 3 jf. JJ cS.1^.1 j 
Alillj j -LpL 4_iila Ailjaj J .1 jj . 1 5 V (^j 9 V j-Q c AjI .IjII ^З Ja^. jl .13 jU 1 31 4 £■ jj-iall 

u,i\) .<*j| jll AifLall L_ 11 uj jl .Ixj .iLpjL <C jilA (Jj*-ujj 1I 4_ nl j3 ^gi AjIIjIa ClsL^aSLii ^lj 
4_&jlal! j-o (JLf-a jj£j ^lj AjIIjIIj Ajjliill jjjifLall (Jj*_ujj 1I A_iilj3 ^^3 (j^aSLlill 

Aj^jUJI Aja JA^II fis.li£l! jA (J£ jljjj . J jjl£l! Aic. jjjjilV! ji^. o$.li£ .lijj Ajmll 
jA La£ tliili 4* a >a 1 I cjliikll ^iLjaj £_a (luminous efficiency) AjjLjJal! Ъ$. Uillj 
ji^ 0^li£ jA jj^ \ jj£I is^ Ljjilil! ji^. 0^Li£ jl LaJ .4.19 (J^jaI! ^^3 ^iuajA 

jjl jJ jA jjuiaj CllLailal! ^lj-lj jli c ^ jL j^£l! (JjL*l! CllLiiia jjAjJaj jj^J jj JJ^IL/I 

• jWj' o^.li£ JLilLj cjjii — jjjjilj 



jlui£ jLuj jA ^Lj^ Jjlc- сАШ ^jaV! jIj Ab\U ^jLajH! j! jjaV! AjjL&a 3.19 J^-uJ! 

. (Aj^jjaVI AjjLajSI! 4 j< jyl! jA jiL 8 j-^jaI! jjj ITO Jjl! jji LjIj yoj 

JL*i (Polymer LED-PLED) (j jjajIjj LED — 1 jU jj JjL o jXo jj ^ji ^Ls 
SOLEDs JJ La jaJ 4-uaLaJ! tilllil 4 _^Lula jlg -ч 11 4_iij jj ^’^.1990 ^Ltl! \ J Uj.i *1 

(poly (p-phenylene vinylene) ( jfLif3 jfLiii I jL) ^Jjj JuajAl! c_ L - a i jjajIjjI! ^аз! 
cULa .^jjjaIVI j a jjiiUj ITO j-o з ji! jjj jjjjjjiVu^ c 1.19 J^il! jjaa.il t— PPV) 
4_lajui! jj 4u^JI*_a 1I 4,\g ui з! jaII aL j! LaA OLEDs — 1! (^j-U PLEDs — 11 jlVi^AA jLjfA 

jV 4_ul o jf-^l (_gjj Jj-ua jll UillAj lJLa jlj i JjIUa jA e.!.ijj! (^aIj^II L_Lual! 
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j)l£ j)L&^)J cJjV ш jl (jjta. (_jij . JjS jS .'■' ^ 0 jliLdV dll JJAil Jlll 

(ajaILj c. I _>=*■' OLEDs j SjjlLa ^jSII ^ SjjjS LiI'ihuVi (jjaVi (j j^. лаз t0.01% 

^jjjjxjUI j a jJjjJILII (Jba (Jll (Work fuilCtion) (Jxjji Lllj Cjli djl j jjlL aljVLmb lillij 
(poly(2-methoxy-5-(2’- — SIL aJIc. Ajjljjja CjLUS CjIjjjjIjj ^bVntiLj 
Cjlifkl jLLi-L jLajj .ethylhexyloxy-l,4-phenylenevinylene) (MEH-PPV)) 

OW^ Ss.li£ jjjxj.) Vi tOLEDs И La£ ( jjj J 1 j 4ис.\л]| jjjj AaLu 

1 j^jx^ jj \ 5.19 J5 x'iiW La ^JI Lulj^jjill WjLiIV I o* ^ j 

£* (AE e ) CuLjJ&WI jibk _j^L^J •PPV LED —1 Аз1У1 (_g jjjjL 

A jjjal jLI с_иУ1 AjLLji AjoijLui] Ajl t^JjLl j-o . Jl jjlLil (JxjoiII <SL jjajiLj 

(poly(4- — j AjLLj (poly (3,4-ethylenedioxythiophene)-(PEDOT)) м jjjL jj 
L jajl Ujxj ti_jij]l jia. ja.L. jjaUVi AiLjal ЛТО jji styrene sulfonate) (PSS)) 
jUiiUI ITO ]l ^Jajji jjxjjj CjtLll jjjiLjjl] (^jLj^yi (JjiLu]I jjuau PEDOT ]l jl 



(jtuijLu, JjlLiia JJC- aJVJj AjjLjJs 'jftai (‘r l )j AjAjli AjujjL sfliS (i) 4.19 jLuj]| 
. (AjLuuSll AjSjjuVI Au» aa ]| ja jiL 8 JJtjjLI j л) Luli At лу л!| 


724 





^JI jj*2u ITO/PPV/Al LED 1 AiUail ^jluud Ki «j л hhA л 5.19 JLuUI 

10 JajaII j-aj ДЕ jSail j^l j^j ;(Ф) JjujUI Sjj ‘(IP) jjti!! j>»S ‘(EA) AjjjjjiWI 

.(Ltd. jiLiaSLa сйЬЦш jj jjb 


‘AjjjJax)! ■ " 'I плЛ Ла^лЛ u_J jjj MEH-PPV jlLa l" \\ч I J j jl jj^, ^ 

JjuLLoij .(Precursor) u <)>« JSj ^Jc ^JIxj jl c j>jj ‘tJliS jjjjI ^^lill PPV — II jli 

^jjjjSjjjjjAiA ^^c-Lj jji jiljjji jjc. j ^jjjjjl^ i—kLai jLii.VI i— jlcl 

Jj^Ll! jjj ‘ jjjuIjjII u_iLai j« <iLLiJ ^'jjl! _ < - u^»' l j*j .Tetrahydrothiophenium 
jil .<.LLi_SI .j-j^j CjIcLlu 10 < ) 200 C < jjc- (jj!j^ u-a.!^. o jl_>< jjc. PPV <JI 


SjjxLa Ajjcl j_o (jjjjul jj LEDs л-ь-л] Lij jjl£ ULu o jLLojj Rubner jjj! j - v <~l ■ ■■! 
^..;ill j j^V! jL Aq .L jjLjjai jj^ill L_LLuijj]l A jLaC _l 'I. .A . Lijl L L.-w; i*jl aj]a]| 


Poly(styrene j Poly(methacrylic acid) PMA iLjj^. CjLjjjl l "u . A"u . i I |1Л2 . (l.4.2 

^ 5 -Ь ^l_nl "IL-aV" ^ *sulfonic acid) PSS 


(j-o ^a! . w'udIj Axu/ijftl! LEDs 1! (j! (j^jj cdjLiila]! о^л*Ид 

^плхсч ^jjoiC. ^IVihiIj a^_^V! (jj^ . (JSx'Iij 1 qfrNxi $.!j ^jgJaj Qjjj! 

<a±la ^Ac. (Jjx^o^l! (jj^ PPV/PMA AnxaiC-V! .ДЛ^. (J£ 4_^jjj-o <а±1а 


Ia_j^3 A^jJjaI! A£Lajuj PPV/PSS АпЛс.Л 1 ciijl£ l^ni ‘ 1 .6 nm a£Lojoij Ял . j j jn 

LU ‘Ю 5 Л Jlujj ( Rectification ratio) ^jjL a_uju PPV/PMA o I jJjL .0.8 nm 
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OJ£-^*V! Cllj^Ja! (JjlLtJI .10-20 cd/nr (Jj £-jj-aJj (jCjjC lJjIuJ £5j2a jA 

jIjj LiiliL^ j cIjjjL 6 jisllLo I-V Clil jW \ a PPV/PSS йЛЛжЛо dili±La ^Ic. Ajjj^-JI 

* 

j>iA^k ja jj PPV ^1 LjUuj ^Jj CilijjLI c.“ iu>i‘i .S«lal j Ljjjaj ji_*-al ^ jj-ajj cA-illc. 


.L_j 11 _ujj L_laj-Q jlai 1 Vl L_jL]I jLa. ftjLj ^ij (jCjJ ^jl]! 6 PSS j -0 dlljjqhx) 

SjLj] LjI j 4 я лул ojjLlLq <jjj PPV/PSS ] c-jSJI jia. Sc.li£ й jL j]l c." )x> : W"u J 

15 j ITO — 1! (ju PPV/PSS i-^.jjjA CilijLa 5 4 -jj-ujjj j^. . jl^aJ! LiLjaj 

• PPV/PMA Ajc-Lll AijJall L_lij]l jia o^-liS a jL j A_jxj PPV/PMA Aa jj j& <Lia 
(100-150 j& J ^ j^j'l 4 nm a£Luoi]I CjI i PPV/PSS djlajJall оЛЛл1а jjjj 


ЛТО JJ 2 D jJU A xl ^JI PPV/PMA Jl Aioiilb cd/m 2 ) 


^jlli]! £_lAai]l Ig-iB ^ЛУих)! c" П*ч <^Lola AjjL-q ь J-^Lijj ijjji ^-ua j 

l. U/^l <C-jjLa ITO 0 jj^J l 5 - L’ ( * T -ii jLa <illa L_JJjjj jj] (J jaV! jSj <illa ^jlLiuj j£^il 

^JjJ Alji-aJ PEDOT: PSS Л£*-а] 1 ^al .wi j (jja ^ . ASjaxj Aljc-L jja jjJ <iila] ^^-oljj 
AajiJ ^aLii! jjl . jjJjl^ JjJ 4liuaJ ^a jjjjB jJJ jjjjA ^C.Lj PPV l! L_iLuij jj;ij! 

(." ll/i^ ji] .^ljll! L_Lua]! <iajuj!jJ Л 'iSaa j£j ^si (JjjL]l (jjLi-LL 4 *иЛ jg II j-o Al3Ljaj 


jj jl j.\)g.ll diljjjA 4 q|"A a lIiLjjjuia aj^L jjc. PEDOT: PSS I Ljjj^. <jLujj aJ! jj 

L-iiJijj (j ji L_ua £ jJL ^jjj ^Jajui ^jj-a jj*. cAijjlall oi^j . Hydrate hydrazine 

^jJajo jA La£ нто I! jji LLLj aJ! jj jA AiILia ciilajj PEDOT: PSS djliila 

^gij Aijlj-iiui! jj£! Jliij! ^JJ ITO ^jjV! j-o Ljq^k aII L_jjij]l ^uaij .6.19 JSx'jll 

^Э AE h ^ 4 i!j jLLd! L_lij]l jiaJ jalaJI jjaia-i Lla tCllC-L]! jiaj]jj]I jil£j jLaj 

(Electron jjjSJyi ^-ilijj Aiila ^ jl^aJ! ^aiA-uaJ ^ <jLdaA J_ijL Sjj-o .5.19 J^LJ! 
4_uaia_lAl! J_alV! j* ^cjjj . j_ijL^]l L_aLuJ! j-o LL ja. Jj^-Q PPV JLutliuL blocking) 
CjL jJ&1\ (Confinement) j^^ aLc.L jiaj]jj <iiL Jj iiuij AiiLll oLa j-o jjjjfiMJ 

. L_l jiiSlj LiiLjjj£ijU Aji_u1a]! jlaiV! Sjlc-j *Lli£ j-o Jjjj Laa t4iC.L]! Ajjiaj] jj]I 4 j All 
CilL ja£ £-a jjjV! jjil AiC.L]l l!i! jiaj] jjL j-ala. jS d ) jL.jL jj"iAxxill jjjL jj 
Ciili Sj^-a! dijj! . j-ala. jSdn !jjj£ AE h L_iiil! jia. jala. jj^L ‘bj±& 

I jjaj] J j Aliix^aJ poly (9,9-dioetylfluorene) JLulLoL Laj-iio LiiJ CllliiSaj C^jili ^ jaVi 
jj£! j! НООО cd/m 2 jl-iLoj lc.jj^aj j 6.5% jlci-^j Aiajla. Aiaja^ ciil^li^ Lc.L 
^ jaViII ^cij тто jji PEDOT:PSS ^^-qIj^]! L_b-al! С 1 з! i S j^ajl! jA Laa oja jjxjjL 
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jjj '\\\W .lic. ц£ C jI^ 4 " S^)j2a ^5^1^11 

. Aj j^iaj! jjll j ajjjJoxJI LEDs II ^ 4jc.Ij1I SjLJIj 


ITO £ jj* UJJ^VI СШ «=■ ur^-fc? 



^l Af. J-1 aj3-/5 ^jjjj j <e. CjVL^H ^ ^ **1 ^ 1 1 6« 19 Jixlll 

CS^^a (ja jjL 13 j-e) .^>VI jIj 4JLia ^jLujjj^£ 


Photovoltaic polymers 


AJjJaJjill JjIjjaJjJI 3.19 


SjjAII Д_1л^л£ 11 uliUliill ^^lc. PLEDs 11 j OLEDs II Aa1*j jji. 

ojjlall ja-i Лс. jill jli lAialjlJI 4-jjJa*ll aI jaII (luminescence) i-ulcJal 
J'n^. t(Photovoltaic) AjjjjJalljill Cilinlajll Sciji c ''nu;l jj^lilL) ^ (Fluorescence) 

^-л - 'i’ jj-jaa. .<jjLj^£ Яа1_1а ^lj i ; j.>ill Aaliall Jjjail U_J jC- jjill j-. jjflj 

LjjjJa SaIjaII A ja. , ~~ ll J—a5 AjljLojj jxjA A laajji ^ *_j i jjj . jaol jill CjIjjajIjjII 
jj *_ 1 J—J _5 jj£JI Jlijjl Jj-jxa-j i<jjjj-jall Sjisyi A*J ^.PPV -СбО 4 j£ja1I aIjaII 

Sjlcj йАА 4 jj. Cll Jlijjl <jlac. Cuj . jj jl^ll-U Ajllxll <ilj I j j СбО II ^_—lj JJjiUjjII 

l—lijll J j o jjSlj I Л- jj’ j^j;j Sjjlill Cjj£ J— aa-J .Д_зиаьй L-jij— jjjjlll jl_ajl 
— jjjiilj ^jjll jlajl aUj tj£lj .(^Jjj-ia jli! 4jl ^jic. jjJj jjLljl Jjc. jj J— aJjiil 
( Acceptor) JViUll JjjjI jill jji Ujjii Ю nm jji jjSI CjliLjja Ajc. Lujj-ji jLIaII t_jij 
jjjjji — jjajIjj JL I LLjjJajljill Sj^a.^1 Clj j£j . j-ja. dl j ■ лЗ j— aj-j jl jj3 
100 nm jjCiJ Сбо <ifUj Яс jila 100 nm J jJaJ (-j-ol Jjll i_J— alL jjjiJjJ Lijla ja 
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ола .(Vacuum sublimation) $-!>UJI C i Vi ^Lunll <Ixuj1jj <jjuij-g 
^VJl jl . (JLt3 A W /j J J1 ^Ja-uJ! j)-o 1 0 nm j)-ojJa 4_u jjJall Cul 1 _la£s 
Ija. ^_л jjjjj£iyi Jjiij-ollj ^jjjj^iyi ^iLJ! ^^c-jj j-o (JjjIjL^]! (_£jjli]l ^jj^jjII 

. Ajjji \\ jill Cjl JJajIjjII £.1 jl 4-Jj-oV 

. Jj-Oj] Jjll LEDS ]] AjLuL-O (JJJA j] Jjll ^gjl 1*1 JJ jill jl g ^fcW ^g-ujjj^Jl J^JI jl 

ITO <-J flli-ui jjjlj (_^ij*-o jjjU (j -П jjJJj jj-ui cJ^joJ <Jajoj]| AjjjJaxll 4_iila]l (_£ ja. 

Cjjlijj ITO ]lj 4ja.Uj]l fi jj£j]l jJC- jj Jjl jj]l £ juia]l х jij .jrU.j j -й *i jj£j (jji 

cj-o \j]lc- jA (jj]l ^gJjx-UI jjjU]!j ITO ]l cj-JJ JjJjjJa]! <jj] ji]l jl ^gJjjJa]! jLj]l 

Wjj jlnl] j j^j ^ Wu 7.19 jyi ^jJajj .^jjuJIU! j! i^jj jjx-o]! j! jj-o'VI 
. ^J^Li-o l ** <1 ^ \ .\cl VW < La^ 6 f - 1 1 1 i** ^jjjJa_l]ji jLgjaJ 4 j LU 1 <jj]jill 



. C-jlHSJl cjlo c_ 5^ 14 AluUajLuiuJ! 


^jIjj]! (JjjIjLo tjliLo) jL-a Д -ojlLo ^х-о (jjlLJI jLi]l jA (Isc) j^ jLj j] 

(jjla-o]! ^jUJI jjjLJI Я -oji (Voc) \Ьа\\ Sjlj]! AjjI ji Lo! . jjjUllj jjjV! jjj 
J aJjJa]lj U jjc. (jj£i AillauJ! Ajj] ji]l jV ulUL .1 jiua jLii]! jjfL o jjc. (Jj]l 

jj3 j-° a j]j-o]l Ajj] jill (JjjU 1 jA j! .oc-LjaVI *>” ^Vi jLg_aJ! (jj3 j- 0 e j]j-o]l A_n]jil] 
jlg,^]! (J jjj t LJIj-o . j jjU]| j j jjV I (jJJ ^ Ja] ji]l jiULo c JLLo) Ajjl^iV Д_а jli-o £-о j\,g ,y\\ 
(jl jjc. ^gJc-VI U ja. AjUa 0 ^.Li£J (jjjaal jjJI (jjjlajj]! (jiiU (j -П l^lUaJjuiA I-V (^Wu 
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\ jjxo (_£л]| (Jja IjWIa ’ijg_^.V! (_£Лп б^з!^]! is^ . (aajLLa) cs^J^ ci^^ 
cilljA jjfLiuiS c(P = I V) 4-iiSjiSlj jLiiS! ‘--Jjj-b (jx-aL^. j^Jl Я£!_!а jl LaJ 

. Jl Jjll ^^-lc. cV oc J Isc o* cJ^ LS& ^j!l Ajjljillj jbjll ^aJ3 (J^axjl (Jjx -аЗ ^ j^. AiUa 

ЯзИа <jjoij jA (jUI (Fill Factor-FF) s-lUS! ^sjoAj Ai J j^ -л 4_1 a£ L_flJ JXJ 1 II^Aj 

FF=(Imp Vmp)/(Isc j-aj *(Isc Voc) ^-ULlUI <JLa_ll tilij ^l j i ^iql l Ajlxall ^ j^JI 

4^_Jalj (J^juiJ .(Jjj^aUI Ajjljill ^JaSJ AiC- 'LiJjillj jLnll LaA VmpJ ImP 1 V 00 ) 

J^VI AjxjaJJI <Al\\ (Jac. jj£ j 1 ^gJc-VI 1дл^. FF j Isc j V oc cJ*-^ -^j^ 

jiiiji jja jj 4 _ixj J?3U j ^jUJi jjc. jjii jjj L_jjiij]i ji-Ajjai cnbjiLJi 

jilj . jjjj^jJI (JjJSJ (Jjl^i. A (JA ^ljjjl jo ^Luix] ^^a'jLS! L_lx-allj 4(JLx3 ^ 1*4 /j 

L_b-ia]l JJJJ 1 g jx> ^ljjjl ^^jil! AjjjJoxII (Jj]U-UI C. Qja i>a (J^ X *J -iaia L_3 jLj C^q 

0jl j-o ^Э JJJ^ jjjLiL<n Jj£j] Aj-sajC. IjJojI jAj L-oja]! L Li-a j LnljJAjljUl ^a'jLS! 

jl (Jj-ajA l L-oi jlj jjajIjj ^al . w'u^iIj ^JLuiaII олд (J^. jj^- Uij (Blends) 

Д -ill J (jjLill jjA^ jA (J^ jljjj . jL jj]| Ulx. LaA^I^J C(JjillA 4_iu^aJ (JJjjllA jjjjlji 
J\ <jxjj]L ~0.5 eV jlLLn (CN-PPV) PPV j* (Cyano) jjLa (jLLL jjj&V! 
J MEH-PPV 0jl JA (jA ^a! jUI L-JjjiIL ‘o jj>^i*4 aII AjxuC-VI LJj^Jal лл! .MEH-PPV 
0 jja]| ^LLx]I jjfL 100 nm Jl 10 j-Q (jjjLi-o JjL ^^lc. jjUL VL^aajl CN-PPV 

^_il-A]! MEH-PPV JjL JJC. AjJLxij JuVllj jl L-Jjij]] j^AJ c“ П^. <Lk|jjA AjjJAj] Jj 4^, uVl 

CN-PPV jjL jjc* ^jlLxij jjjjjjj jl ljL jjiibU j^Ajj ITO л jjV I Л jjjji]!lS 
jj£! I^ c ^j3 0jja]I jA 'ijjJa^A]! ‘i j^_^.V! (jJjj .(^лха]1 л j]L£A! ^J! jjji£T}U jyilAll 
.d.1^.j] jj jjajS jjS! (Ja L! (J j^jj ^jjl! ‘i j^.VL 4uAaLkJ! lUIj jA jj£ ^jlijjAJ 

Я1!_^. ^ La£ t jjj^ (J^jj jLjill AjjLL .jj jj jl C 6 o H (jLiLuV j£Aj 

jjajSjj j j ~ч! jaj]I Jj£j> 2J! cj*^j C5^] ^8.19 (J^-aS! PCBM oIajuiaSI lIjLjAaSI 

‘ijjlxJA CijjL-aj Ig-L-ajJ PCBM — llj MEH-PPV — II 0jl jA Aiij ^jj-jajlji 

fijj| jjA 4 1 li'l a ll j <л_|1_а]| jjjj^ JaSI jjj ^.ij Jl ^Ja-uiS! Jj^Lua Lg_l3 jj^j l“ <aJ-ui^ 

‘ J. Ш AiUlil ^-all jlc. й] > a . — «> LjLu Lojoij 9.19 (JS-Jl jJJJ . JJJ^ -'j 1 

jLjj j-jjj .PCBM jj^Jj £-a MEH-PPV Sj^j?.Vl Jc. jLLI jjsJ]l 5 JV^j 

.JJL^JI оЛА JUill Ч jj. д!1 J ■ -. 3 LL-aj^ >^cjj-JI jLg-^. ^^5 jj£ ^Jjjjjaj J-Aaail ajU 
jjjj^iVI JlijjV 4 a-ijj <i£]j >L jc-ja (JjjI 0.8 V (Л 1.6 V Ja Vqc — И ^ j-aaLjj]l 
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(Lowest Unoccupied Molecular Orbital - jj£uball jjc . jIaJI Jl 

AjjLj$ 11I Ailkll Ахл j) jjill Aj^UVI Ailkll JjjjL e»U£ 'jl .PCBM _ 11 LUMO) 
^jjjll] .430 ПШ ^lc* oe-UlaV AiisljA]! ■ ry w>3% ^(^*чЛ\\ AjjuaJ! AiUall ^JI ja»l] 

jbjC-VI j)J*J 1>J iAjjljJ^ 0J^3 ^J JjlAJOl]! £Jj»la (Jjal A-ljalAJOl 4 j\4 AliijaaJ 

(jalj-U! ^_^.ja]| (JjIUI Aic. jl^al! ^jjVi (J^j jiajj/l ^Uajai Л1С. A-Ijoiajoi]! <juaij/l i- U3a 

jU t<fl3ljJA]l C1 i!jJaj]jj 1] \,J unl AijjJa]! j-aL-allAV! CllliUaj L_lJjaiJj .4jpli£ ojji] 
fijji]! Яа^З ja jj£ 4_jjja ^gJ! ja_j (Js! ojlc. o?.Ljaj c" I V‘i AiUa]! (Jjjal a^liS ^LxiaJ 

CllUli^ ^gJ! a ^gJj l^jja j]j3jja ^9j л! ja]I jaJjoia]! ^a»iij]! (_£j| . jji]! ^jjLa! 

J MDMO-PPV £ilj>*] 2.5% J! J^ JJ A-ijoiaj ai a^LaaJ -lajjjai jAj»-a AiUa]! (Jjjaj 

AjjlaU! Ajj j^jLJI Aj-uiajol]! UjLal! AiUa]! (Jjjaj CliUli^ jj£l i^jjliAl] ^.PCBM 

.15% JJ 10% 



MEH-PPV-C 60 ^L> 



S^.LxJa! 


Aj^SJUxlbU O JJ^J 
4-ia.La. j ji 


MEH-PPV > gi! ja > UjjAa LjaIuja 4 \уд *i ^^laUaaj j_iUajj 8.19 J^uJ! 

^UJ! JjiUni! J Ajj! jaIujV! j J ja A^ul ^i! jjU]! J-^3 ^Lusj! Lusj! ^ ja •Сбо l ",1 a'* 1 м л j 

. (j» _jUI iial! AjSjj^VI Alajl Jl ja jjL 17 jxjJI jjs) ^UaUjj ji juuijj 
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(v) 

J Ca/MEH-PPV : [6,6] PCBM/ITO jlf». (S) _! I-V 9.19 Jl£9 

20 mW/cm 2 SfUia! (5-aLli jiljj) <aj*S\ J Ca/MEH-PPV/ITO jlfa. (<-i) 
,(j» ,jk!l »Lii! AjSjjaS?! aLjI j!I j- 0 jjL 17 jj) (чдл1с- jjI jj) 430 nm clc- 

6^-JaC. 4 W Jill J* Vi .V'ijqII a£jjoJ1 AjjLLo <jl jj^. 

Ajjj 4 In^iil jJ j)JJ j_ji£]Vl Aic. 1 g ж JjqV'ij 4 W Jill Jliijl jj^iVi 4jil^-oJ £.3 jjj 
11д jj3jj] CjLjUL S-iC. jjjiaj (jj^. . ^ jjl^ll -lic. ^gjc. Jjiloj ^ jj^l .iic. ^^^-ic. ^jLq 
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LaIj.} Llx-a оЛА nlivi .^ljIa — (Jfoxi jj£jj] ^jJ2a]1 L»Li*s а\1 

^jLa]! 4_i3 jjfL ^Ла j)A jjjjl J\*\aW <iiLa] LiaIjJ 1 n*-i ^aJ (j-°J t4jl.ll]! ^5 ^ ^jLa]! 

poly[2-mehtoxy-5-(3 ,7 -dimethyloctyloxy-l,4-phenylene] jjaj! jj jj .Luja. !jLua 
^ c. jbjiJI JJS 4i£lj c90°C ^c. Xylene jiLj£]l ^ (jbjiB ^lc. (MDMO-PPV) 
j-e MDMO-PPV ] ^l jJI u^-ill 4_]aj-uljj S j^_j ^JuX) (jj^. »4ij*JI ejlj^ 4_^jj 


Sjlj^. 4_^.jj .iic. jiLj£ (Jj1*\a ja PCBM — I (_^a! jJI c__L-£i]l ^2 j-oj t jL^. (Jj1^-a 
c> CIjIja jjia^. ^j-^J ^0.5% ^uuiajui]! <. Ч jLall ЯзУа (Jjj^j o*li£ dljl£ I9 .Aij*JI 


. W 


jiij jjjjUJI j-o ja a jjJa^A a j^a^L 4_L-al_kJI <j]]j 


j jjl£]| ^^Ic. JjiLJI 4 -jLjjJ L' n^. (Lamination) ^jLa'JI A-iiij ^л> AjjIj <jj11a 

jj£j LaJJJ l*_A jLuVI La» i>lj .AjjIj S jj£j (jj3 j jjVI ^ic. ^jUll L_LujJJj 0 jj£j (_3 j3 

e s 2 Q ^ e _ и e 

ojg-^Vl Cjjll . jjjifLall (J^.ljj jj-olj AJXJ <JtijJA Ojlj^. <L^ji AiC- jj^L-ax]! JL2kl 
^gJjj] (JJjulA j-QJ jJjuil^]! j-Q J j2L (_3> PPV ] jjl-LuJ (JJjuLA j-Q 4 X H^IaII A 1*4 )Ljall 

1 1.9% JjLoj <j]l_A2kj ЯзИа (Jjj^i CjLU£ ITO — ]1 jjjl jji Polythiophene jji jj2 

. jjjJAj] jjl jj 0jl jj jj a jg_^L <u-<aLiJI tjiL jj jj£ JjjjAJ jj £1 (_>J 


Ljlja. jjxuJ! ^ n jLSoiVI (JLaxjjujLj juijaj e-jill ^ic. AjIL Aijjia ^aji2 j 

и.. и. 21 ^ 

LjL L3> ^ 5 -aLuuIL СбО ^UlLa L_lLuJJJ jj^ .^L^jJjaj <AJju 1 ^. SjjIaJa <L-<aj *LL>V 

^^jjjll jILojVI cIi^jjuj! —100 nm a£Lluij 1а^_1а j ^MEH — PPV j-e L-q! jj Ljuaa 


(jAAJk оЛа! (230°C) MEH-PPV ^L^jJI JliiiVl 6 jlj^ i^j^ jlj^ <JJ j j^^l L 
ojg^bU Jj£ Ajj jaj AjjjjJal! LuLjJal! Sjjui ^i (j-a3Lj]l 10.19 (J^juJ! jjjj .(jjlij 
jm^ aII < Jjlij]! L^uJa ja i.A '|Ч uia jJC. Sj^L <jjliA 250°Cj 150°C Aio Lj^uia]! 


150°C ^jc. a 1*ч*иаЧ & j^Vl jff^ ^5 jj^. » jlg >11 j-AiJa JjijAl! j j-jIaII (^c-jil 
j-^ai jLj AiL£) (Photo-responsivity) AjjjjJal! 'aA VunVl o jji ^ L»_Jalj LLijl 
JUaj LLjj! 250°C «^jc. 4 'i's idaII S jg_^VI djjjl Ua t(<jjj-<aj]l o^jui]! ^ic ^jjuiiA Sjl^]! 

(J jj .11.19 (J^juil A ^Li jj IaS 4 ^J J-L! 4 QjJ-ill (JaL ^ic. ^J jjJa]l jLnll jj£ Д_и ja 

^ uj-ij 4l50°C ^jc. a KhiaI! o j^.VI ^gi VLl9 aWxmI! (JLiUil jjfL ji^. ^^i <jl ^Jc. 13 а 
A jc cWudaII ^ jjl jLLLVI (jA (_5 -L.I (Jjjjuia .iic. Jaia VLl 3 jl g -ч 11 ^jL^. a w Lll jij 


» 250°C 
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jijjiA jjfr МЕН — PPV / СбО АЛлЬЛ £ jJ jA jL$-aJ AjjjjJall AjijUjl 10.19 JSjjJI 
jjjljjj 5j (LilUI) 150°C <j}jL£j 5) j jja-uj» MEH — PPV/Coo lS jL^j (jju*ja!I) 
.(fLjjill <jijjjiSll Цл л' | qa ўАЬ 21 £^jj 4I <jj>) .(( ^iailU I) 250°C ■iiC' 



(nm) J>k!l 


jl^-a. i(5x j “lAajjaA CjUjja!I) MEH — PPV jLg-a-l Ajijjjall AjIajjjVI 11.19 JSjaII 

MEH — Aijlall £jJjA jl4A i(jj|jj) jp-uiA Jjfr MEH — PPV / C 60 Aijiajl £jJjA 
MEH — Aijlall ^jjjA jl^Aj (cjlilla) Jiiii 5 sJaJ 150°C Jjc iU— *a PPV / C 6 o 
j^aaI I jA jiu 21 jAjjil ja) (jjUj*a) Jjlaj 5 a J-4 250°C Jjc jaAUA PPV / C 6 o 

.(^UjjiU ^jaVI 
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AjjjLl! L-iijliV! (JIa AjjjL jI (JLa*i1ujI \, x>ijl (j j> *C 60 JJ ^iLjaVL 

Jlijjl jjjjiaj] A_ijja2jj]! A_iJjjJa_l]ji]! ^Э A_L_a jUI <• Luaj Ajjjli]! jLjJaUI j A_jjjj^]| 

poly-3 £-0 0jlL-° j\ jaJI 4jjU.I AjjjL ^jj jJj£ L_JJj\jl (jjjjJaJ <_£ j> . \g \Vi j A W j'ill 
Сля -^Lj ip,j ji jjjKII J 1»-л SWNTs — Slj jjajIjjII AjI ij Clij^. "“.(octylthiophene) 
ITO Ал11ал A^U. j jjlSj (jj3 60 nm a£Lqjoij A_iLic.i J£jj ^^ic. ^^-aljj Lj^-a 

jj£! ajli ji^ CIj! jLj SWNTs \! jj>jJ o>->V! Cljij! .А1 (jA jjjl£j oUax-o j 

.0.75 V J\ 0.35 V (> V oc — " > liLij! j SWNTs jj^ ^ 

Jj! jc-j Я]\лэ jj jlfUJ ciL\ yiL \ ^jji Ajjjljl! ^jjjLV! j! ^^lc. ^ULj]! ола Jjj 

• Aj JJjj] Jj]! A tt t Л j^\ l ^ Aja-ui]! t 

j)jj A_Lusa j-U! t L-aj j Aj jjJaxl! JJC. Aj jj\i]l j)\ uiiUl j Aj jj\j]\ Cil a jm^ \l ^x-aaj 

(Mobility) Aj^jaj ci\,j)in>\l ^aja. ^j AjiUajl! ь jail! (Tunability) ^UJjj ‘LLU 
AjjjU j)\jjJa3 Aj! i! Cij> .AjjjJax]! j!j-U! o ilc. oJj>j-U! j]L >0 jj£! Ci\j JJJ^]!1S 

(Pyridine) (jjiJjjU! > -LjLl > poly-3(hexylthiophene)(P3HT) jj>jj CdSe 
jlijJai > Ujj 90% (j jla jj 200 nm a£Ljjj ajjLc-VI cijl£ 2 ^.^jjijjjK]! j 

7 nm — j l>2 7 nm (_>. Aj_jjlill (jliJaall AjtlJI AcxuilLi £- _jii]l .CdSe Aj_jjLi 
^jjll AiLoJI j (_g j.^i}ll j-aU-alaVI JjjJJ V jia 60 ПШ J Ijl^ 7 nm 

. ja! ^J (J jjU L. jj Ljilaj >UI jj^L (jl cJ^ lg j\c» A W L\l (JL j£-aj 

60 — j 7 nm j 7 nm — j 7 nm AjjjL j\ uAq\ TEM jj^» 12.19 (J^UJ! jLj 
A_UoiC.N ^^^-iajx]! ^JaLU] jjj-a ^JJ AiLiaVL ; jjxij\ jUI ^^Э Ljj 20% A Unjjj ПГП 

Ci! 3 A_Luic.N! A_jjjJall] j3 <1! j! (JjJa^l ^ic. (Jjj-aa_\! J ja jjL L * П1.0Э — jaaUjJ 
> 60 nm — j 7 nm U-*-?Lj 90% Я -j jj A_iujj CdSe AjjjL jUjai > 200 nm a^IaxUI 
(JljJa! Ajc. Ljj-aJ L-aL-aj-o! A_i]lx]| A_iC.LS! A_ijjj]! Ci!3 <Jjj\j]! jLjJaU! Cij^Ja! .РЗНТ 
(Jjjai S$.li£ ^^lc. (Jj^-^^JI iS J^- jL jj£] A >jVi \ Uti^xt Aja-uj JUjjlj 6 jj£! A_i>j>i 

• 0.7 V A jhL V 0 cj ^^j-uiAjj ■ •■jU 1 . 7 % Ujja aILL 
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CdSe AujiU cjljjL ^KjM (*) j (i)<> Ujj 20 % -I TEM j^> 12.19 jLiJI 
(^) <jjL jc jlalU TEM <jU 10 nm — j 7 nm j 7 nm — j 7 nm РЗНТ 
^Luic. (j)j 10 nm — j 10 nm LjjiU cj| jjL <> Ujj 60 % <> 110 nm LsUuij ?.LujU 
•РЗНТ <ji AjjjU (jUUai <jj Ujj 40 % <jjs 100 nm Я£1лии 
. (j»jbUI AuSjjuVI AuJtusiJI ju jjlu 23 JJi, jjUI ju) 


Lul j Яя-ллиа AjbL juC. AujjiaC. AjjjuSj j! jua 4.19 

Self-assembled organic nonlinear optical materials 


l^ua jjSj j*l jJa Jl (Non-linear optics - NLO) AaLlLII jjc CuLjj^ijil jjjuj 
.S jjljll 4 jjyuUajit Л j j\j j 4jjL j^LJI ■ " N 1 -v. L1 : ^ La. jjC. j£_jj <alxjji Jajujll Д -ulJaiijul 
jl jualuualuj/l jl jLuiSujH (JuLx-o jjo 'j jLoI] J_jjuuaj]l juajl j, -^»4 1] jjju ( ■ jLL J -■ iljS 
J jjxuaj Ujj/j*ujJ CuVjJjJ Jx.1 jj. UIJ ILa ^jJjjU ■ 4 0 jL.j. 11 4jdi jj]L jl fijjljil Д , .i'i IL jlt'n 
(Optical susceptilities) 4jjojaj LtfjjL SjLjII jjfL .LLLj$£ jl Ljj^j L$j 
(C enter of C-lia jSjjji ji'Va" jl SjLi]I 'r, c_tau jAjjjAxjj jjc, 4j^j j “Ljjjjj 4 jLjL jjc 
% ( 2> LjLil 4 jjja]I jui 4 jjj£Li]I 4je.I jL'I j| jjSLaII jjjoia]I jjc. inversion) 
4jlxk]l jjc. Л jjj La"i.,NI X-."' ^j]| ^^Aj j4jual_i. 4 jaaI Cjlj (Quadratic 4 jjL 4i.jj) 

jjj CO 2 J C0i jjCC jjil Jjc (Ljjajjj) 4 jjL jj£ cjjfL^uj ^il 4 jl jL . .'I CO 3 -jJ jl Jjc L , ■' jii 


: 
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(1.19) 


Р,- ^Ч-ад.^ЕГЕГ. 


J_1J' JJo, У .'1;' '■«■■' JUU3 JLJ >_bJ Jaj _ 

dj|j SjLJ ^_л ^nlaj ^gic. Jllo jA 3.19 (J£U! ^ Mach-Zehnder ^^>1! 

^ jl (Jj-xaSJj i jLaLlll 4_g_^. L>° (^-^J-H (JjJ-j]! (Jjj^aJ C. ijl jui ^jjJall jlja] ^aJJ .^ (2> 
tS jUI jl_uj£j| JaI-*- 0 JJJJtJ JJSJ . jjjj jLuilA jjjJilj jjJAJ^. ^j SjLbVI ^^g-^J-H JjIJ 

Ajj] ji jl dc AjjIjS jjilajj tlilij jj-iaJj j^£il J j*i-LL Aij jx-JI ~ * II AjIaC. jjc. 

оЛ^-] (Jjj-xaj]l jLuia]| cJjla ^JLSL JJ*J (_^3]l jlg ~ч11 ^C-ljj (J.1^.] (J-aii-Lo JjjJJ 

% 

j-0 J^JI Jjjjbj] <Jj]Lia1I Ajj] jill ^^-A-ulJ j*4aII AjC. Ajj Ji>>lll SjLujVI (JltJj ^l j3]l 

ajl)LxJ! (J^j ^ (-> j (jLtliA jAj (Vj J-^.j-1! c L-saj <j!i]ji jaj_*a]| ^J] jx^^ll л a\$W 

Ут!= (n d л ) / (2L x (2) ) (2.19) 


j c^^-^j-H jj]jl ^c-ljJ (JjJ^ L t^g-^j-ft]! (JjJa]l X 6 ^_2kj-H jj]j! a^La-uj d j] ‘-jj 

. jLui£j V I (J-oLt -А n 



^Ljfii! Jlii! Jjuu .(Mach-Zehnder) j-Lj - ^L» JjJj Jal* 13.19 JluJ! 

.J£ (2> JJaL ^j^ajJ! £ jaJ! 

Jj]jj]I (Jla LijIj]! Ajjj-J! jpa 4 jL-s.\ l jjc. Ajjx-aj]l (Jjc.UJ! j! Lxu 

4_i*jjjj t j-uaj j j^^]l J jxLd! j t(_£ j-uaj]l ^gJaJjoi j]! j! jjAVIj c^isl jj]I 

jj£i jL ^ AjjLLj]! CjIjLjc-V! (j]i с<а±1ал]1 CjVI -ч aII Jj AjuuIL (Quadratic) 

Jl^VI x (2) —II jIj- j] . j Л л_а JJC« % (2 * LgJ j jlj jLLjI! Aj j£ ja JJC. 0 jLL! 

diLjjj (JL AjjjJoxJ! jjo CjIjjLI! j t^AjjLj^£jjjil!j Aj^j^J! - 4jjLj^]| Ic-jjjj 

— Ljj j c(KDP) jj^jjjj^-S! J№\\ ^ jjujLjjI! CjlLuijij (Lithium Niobate) ^ jAill! 

tLSj LU^j-uJj c4_j*_u£3 AjIaC. 4jc. jjl! LJlc. Cj! jjL ^jaV'i j] .(BBO) ^ jJjLl! CjIjjj 

.4_a]lAj 
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jJC C1 j! jjlill ^ic 4 п£аа]1 lIjI jjA^! j}A jffil AjjjJax]! jl jaL 
jiWn ^ашп Laa i Q^-tkWA (^j\jj^-£ jjU^ dnL ^2) $4 j]\c ^j3 •'x}~' 1 CjLajjIaj 

<cjja]I Aiili <j! V unl <iAjl (4) $4illc A^aLLuo (3) i<A*l\ ljLijj]! Lic ^jj-ajj^£ 
(6) ^AjJai^j-o 4. al£j j ^ шА1\1 a]j^_uj (5) $ <ili ja jjc. CjLiIV <-^jij (< 10 15 s) 

j.ixi3 a ~>jVij . (Photo-bleaching) jiaxjj — ji jill <luuil jj ^^jaJI (Jj]i13 L u j Lajx>'n 
jC LudJJ ^l Jjj-ajll (JjJuill djLllfLaJ j 4 Jjj-ajl! (Jllxil! j t (JdWjill (jIJjjll jjjaull 
j ja Ail jjl <п.1а. (jj! jia o^C jJjiaJ (_£ ja. LS3 4j£^ ^iiln]! 4 jljja]I (1> л ^IG-I jJaJI 

Я_ш ja. Ajc! jL djli Ajjdac djliija. ^LojdajA (Non-centrosymmetric) j£ ja 31 AjjJalliV 

— JJAxiV <Jjoic! 4(^j\lJ£^ (JL^A JjjLi С.*‘ 1 Vl <g_^.JA]l dil JJA ll Jj]l 1лд JAjJaJJ .p 

.Liil i 4* а-ча <iila]! aj^U. 1 (^_nj jL 


djljJAj]jj]l (JL^a (^Э jjjlaj]! (^Э ^ j c. V'i^A >>’~ i^k _i jjjiLjH j-j.Vq» II (^Э (_£ ja. 

jj]]l (JaL^. (^lc (J j'i Vi Aj^,L^.j Aj jjajI jj <i jix^aA jc ojIjc l^il .4_g_a. ja 3I 
iaJJ JA jtiLj Aii^aJ j! c. jx>a AjLjJ (J£d ^^lc IaJ NLO (ChmmOphore) (jj3jajj£) 
‘ijjuj£ £_a (jsl jjaj (Jjjla £(_£j^- j^* ‘i jLc jA (Jjdaxll NLO jjSjajj^]! .l^jLujj 
c jdLLajAll jjnlg i\l ^ jjjxjJajjA jjjjiljU ALiiA (jji.1 j jjjiiljLS Aj^La (Moiety) 
jl c Aj^LiiA jll! j AjjjL^LS! aJL^JI ^ .A-niaa Ajijj tAjllc l_j\ L' i'uJ AjLli ^JI (jJjj Laa 
^ аЛС jl ja ^aC j]\l 4 j]aLii]l Ajj^jA \ijj£\a ^Д cJIa]! jV AjL^Jjj! dSliA jj^i 

jA % (2) Jt- Jj. *а*ч\\ . ^JJ jaJl (JjjjoiA]! (^lc (ji^A L_J jILaII ^ jS JaI! jlaLii]! 
^Lj^ (JL^a (jflajj ‘Tg c ^j^-L^. jll A]linl dj! j^. J-^-j^ (jj^ j^iaUjU! (J^ ^>J j.1xa 
‘ ijl j^. a^.j^ jjaj] jj31 l>° J ‘NLO djl jj3ja jj^l] Lnliji (jj'^Nl' 

jji Jli3 . (jj^jA jLslliV (^Э L_Jjj jj]l .‘IjaVi Ajxj \q_ilaA JUaS! (^in ji^. (_5-Э AijxJl 
dj|j <^k.jA lIjI jiaj] jJ (^i LnjjJajj^ll AijjJaxJl j jaIJ Ajj\ 'n'ujVl AjjI^aVI jlA JJ 

'aJjC jl lIjLjjJ (jja. jJ^. (^ij 26 .100 GHz < -lic-j <1.0 V ^ic. (JaI£ (Jjj^j (JjIxj 

4(J.W'i\\ <х31 J <]LaA (^Д 4 Aj^li i ‘I A \1 <]\_^]| 4.“ L_flUaA]! <j\-§i (^ 4<и! JJAx]l Aj^.jj]! 

(^^ jLalj -Laj| JJ J 4 <Llc Tg djl i CljlijjJaA (JIaXJjujI JJC (Jax] 1 (JjL^. jA ^aLiill JAJjuJJ 
L_ix-ujj]l Aj ja-Ii (^Ij j 4 LnlL-aJ a£jLIja lIj! jjajI jj j 4 jjaj3 jL! (*-a j j3 ja j j^ll 

acLuj 1000 (jA jn^V 4 jj! jiLuil AjjLak jIja djj^Jal 4 (_J\ja] 1 (jjiiuj ^gJc .(Dendrimer) 


27 


. 85°C lic 
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Sio 2 


(У& Aojjj ljILlL Lul J ^лул ljILlL ^^Luajj jfljfli_A 14.19 J^utl! 

cpL 28 £*>U! (>) .(Zr phosphate phosphonate) fjUjSjji! cjliujji cjUjiujja 

(^jLU! fklkH AjLjljVI AujlaaJ! jh 


UjI JJaUjJI ^gi 4 jjI J^.j A_iLa^J AjjI jilujl ^ic. J JXJX^JI ^gi dAj.wMI \ \ьа\ 

AjIjLqj V Ajj-JaC- jjA AJj^j CjbjliA jjjiaj (jj^. Л t(Poled) 4 -§Lj-U! 

jA (jil! LJlikj-aV! "jAflj" LSjLa^ ^ ik'n V ^! (Non-centro-symmetric) j£ j-U! 

Jjj>^i^k\l ^lii! xj^I (Jj! jk jj lUa Au^aL^J! SjliVI j-e . L^jaUj J j-ojj jSj-uia jjC 
<_£.wj ik'n .AUUjIoj! 4_1аД| jj ja! NLO AjjjJaxil j| j-U! ^лкз l_jjjjj ^^ic. 
^g'Vn (Jc-liS 0 jk*4 (J£ jj I." П*ч j (J jL^I jij Ailk ^jUU L_JJjujJJ ^al . W'lj,)! LjUjli-U! 
UjILuj j3 lIjU jLjj j3 s-Uaj^ ^.W'lVi ^jj! jk jjjkj (J j^. .Aj^UI <Uia l_11ujjj ^xj Uj! i 


738 



<14.19 *‘UI <^3jV! ЯЛ^Л . (jboi£ jilud]! j 2 ^jjjj£jjl! 

Ajjji-ujj3 (Jc-lij ^Jj Al^.Lkj й jj£j СГ^ cJ^^J J-\J $ ) j! j^*L ^JajuiS! 

jj^jXo jUjL-A ^ (Zirconated) A_ijj£jJ Jc.lij jL с>° j ‘(Phosphorylated) 

.^!j JSJ jas^ cDU 

4- {4- L>0 NLO Jj3j*jj£ (_£jJan JjLa ^ jjISj 10 оАл juJaili]! jx 0jjj 

jbLj Jalii j! [N,N-bis (2-hydroxyethyl)amino]phenylazo}phenylphoshonic acid 

jiaxj <,** la u^i .dlllila]! SjjxJA A_iij s-LiiS 4 _iIa*]! Lj-Ixj jj^jj .<iila]! (_£jLJ jjLal] 
<Lxuj!jj LujIIa]! a£Ujui13 j Ajj^L-aiiA^U Ajia^JI <jajj]! j^bij . a'LLi 30 4jIx_ 3 A-iuic-V! 
<Luua]!j <а1эЛа]! AjajjI! Л djlkila]! jjc. £a (Ellipsometry) j^aaLil! LUI jjjLLq 
jC- 4 jjuiC.!>U Д-рИ! Ljjja]! ja AjLxL^U! Ajju-aJ! Aj\ Vuj.iV! <■** Uj i ^&l .A_i3Li1a 3! Cljlajial] 
Luiaj! AijjxuJ! j <(Second Harmonic Generation - SHG) ^Й! <^1 jU! jUjU! (jjjL 
Jiic. U jjJa SjLUI Ujj <oLa % (2) — Sl ajIac. ^gi .(Frequency Doubling) jjjjll Aic. LiaAj 

(J jla (j-Q (_ 3 jl AjjoiC. 1 LSL^. ^^Э .co JJjj -lic. j j! jSI p jjJalS AjL^Jjui! AliL-aJ 2co ^jjj 

JaLxa nj t^Jbj-U! JjiU! X Ljj^. <(;,., = k / [4{п“" — П", 1 ) ’^LU3 l c Uaj! jj3! 

(j! Laj .^LuJlS! a£Lauj Lxjjjj SHG 3! S-iui j-<jj jl <*i jL <^jjji (J£ Aic. jLu^iVI 

LSL^J! ^ JajjLS! <il]j jli <1.6 nm cjliiLa]! a£Luuj j 10 pm -^j-^h SjIc. j& 1 c 

4_^.jU! l^S <j5L*ja <Lia (_]£ jl A '\\\A <CjlaiLa3! j^xJ Ajxjjjj А\ж n A_iuiC.\/l (_£.Iii . AjA I jll 
<ii]j Liili CjlilLa ^.IxJa] SHG fij-uj LjjlaA j! .^jiaaS! LJjjjjS! j}A 1 g uiq'l 

лаЗ .AjuiLbU ^ (2) Яа^э _j. w'ij ^A-uj < jjj!j£l! (Jja <<3jjxa ^ (2) Laj 3 cj!i ojLU а1э! j-U! 
LxjLaS! NLO jU <AjjlLU] .50xl0' 9 esu ^ ЯлИаЗ! % (2) <ajb cjjl£ 

•200xl0’ 9 esu ^ ^jjjjIS! cjLjji (j a AjjjJaxl! jjc. 

£.Liaj£ (JLaxUujL Lj!i Д * ала A_nia3 CjLiiia аЛс. AjaiiS Cj^L^xj ajc. jjjlaj (j j^. 

^ibLluJ C_Lul£ (_ 5 -L* с 5 j'i^j JjL -л (_ 5 ^ Sjj^jS! ^'j^iiaC. <^Jjl LijLa ^Э . jLi£ jllui]! 

f * 

(J duJaC. c<Li3J 15 o-1a] 1 15°C Ijc. dlijj-jj t<E-Cu 64 Jj 18 оЛа] 

(dialkylamino)stilbazole Jjjlililai (jiint JAll JLii) NLO jj^j^jjS Je 
C jLoilja 4_luailjj 300x10 9 esu IajJS Je Jjt^^lt <_SJ^- •■Le-Loi 20 Jjll 

1 lt 1 -nJ . ,1 AjLuJi J< Jj ulllul Де -Jjji Jj£l U_JJjj 1 JJ djtc-tj^-V JJjlaj Ja_JU. Ла] .SHG 

jLj jt jj3jjijj£ 1 S i C I (_311л <jjLJ AlJa ^jiaj (_j j^. .SjjjS NLO 
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J jla-o ^ ^nLa'il l Jj 15 J^Lk Jjl^ ^ ( jjjJaxJ b ojj£ jll Jjfl Azobenzene 

jc. AjIa^ Яс. JjJj Aliflj 25 J>Lk Octachlorotrisiloxane jL^jLuJI jjK ^Ln 
j!j£j jjsj 31 .Polysiloxane jLo^jluuj ^Jjj aIA^ I^-iLxjj ^jaJl S jaJI AjI^JI 

£_a SHG II oAjoi] ^jtjjjjll jaj]I j] flfl] . djliiLall o JJIxja 4_nj ^Jj (Jjj-ajll AjjIj^VI 

л_п21 jiAjJaj jj^ .430xl0' 9 esu Ia jflfl ^ 21 Я-<па <^ic. (Jjx^i^II j^. j tdjl^LII ллс. 

^jjj-aJjj^ (Jj^xj C5^ ^jj]! !3 a j-o Ln!3 Дж a*4aII j djLfljJall бЛЛхпИ! Aj^jLanl! 

jIaaiS 1^1 (J-olx-Q (jVj 32 . 15. 19 (JSdlll ^aJajAil ^^^.^.Ja]! (Jj]^]l 4_1П (JLaXJjujIj 

<ajLi]| Alnill j Cyclotene™ I! ^fl jx-o*4j t а jjoi s. jda]l jlfl ; (Jfl! 1а)*ч aII Jsjuj j]| 

jj£n >С5 1к!л]| ^&1\ jjjI^xjVL (Self-assembled super lacttice -SAS) Lpli Ях_а^1! 


^лЧМ 1л^. Aiiflj ола jj .150 nm Iaj^a a_J£ a£Luuj лл±!а 40 j-o SAS — !l 

^Axa jl ^ 'l»J d]]3 j^]j .Cyclotene™ ]l ЛлДа l jJaJl (JaxJjujJ dilil iVLxfl Li^.ja !lj]fl 

(. inljjil L_Jjila-a]! л^]| jlfl di]J] A 1*1 1 j . ^gj jjJa j jg Sll Jajuj j]l (Jc-lin V £■ jda]! 

= л # 

ij-o (^jJI JJJI (jjS j5 1лла i_j ijllaa jA 1лл jjjISj jj£I j* (Modulation) 

' ' • S’ i “ ' yi i Lcuo 4 340 V j nia ц ^_1L jjja с L]jj L jla c-iiL L . ' j 5 ojLo 

.LjjIL Ял_а^-а]| NLO Я i л . II jl ^jLI (jA o 1 jiijl ^_j - . ^ j.? Ш jjjjtjil 



AjjJsC Aljti <1П Ла (jj , jjJa jjji Ш ,ja <_jA. JA JjI aS t . 5ПаП ^jJa jC- д_ЬЯл 15.19 J£ja]| 

.(fLjjill (jSjjaSII i ijt.1 l (>s jiL ‘32 j^jaI 1 >») (SAS) LLIi Ялала 4Jl*i 
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L_liujji]l 4 _i1aC. (JLa*Huj\j A-ijaaS! NLO AjJuC-Vi *Lcl u^i L^ijl Cjjb. 

tlg jlc. SjjjC C1 i!jIj^*J (.** U^VuJ ^ ^”^.(1.4.2 ^a-uiJI^ (_£jlV i jli ^ljia ^Lin j j^UI 

^ic ^jj^j (Polyelectrolyte) ^jlJjj^ jjajJjj (JLjCluji ^ Jkij lc. jjjuj J& I o^j 
(Ionic moiety) 4_ii j^i £ jjoi£ £-a ‘ЧДт^ ^j^ ^jai jloli NLO jj3 jajj^S! 

^a^kjj NLO Jj3jAjj£ 4_uj£lx_A]i A W/I)\i ^jliJjJ^J! JjAjljjj] (JJJj] COilc .Ajji-^j 

jjj ^Linjj^! Jajj]i ji .о^^лИа]! djlafkli AjajIi] "li-uaV" Ajij-saJ ^uuiLuil (JS Л’п 

jS . ч k jjSjajj^]] Lg_ia.jJ JAJJ 1 . nSfl. Л \ J'* v 1 U 1 J Ali^J 4хЭ! j]i Walij jjajAjjSli 

ji (j£-ui]i ^uJajJ dlSl^ .A_m]i ijkjlaV' 16.19 (jSuiSI ^jJajJ .ajj£j]i ja-i (JjJaaA 

jC- i Л J ж ) dii jj3 jAjj^ii ja £ j^. 4_ia. jj ^ llL'n 1 uiSc jauuui]! LJLili <ija]i ji jloi 

jj-UlSixJA (jjibLaii! dji Jj3 JAJJ^li 4_i^.JJ Aju^LaSI 0 (ji jldli j)A .0 jj£j]i 

Aj<u3 ja jjai^_Luj ^aJ j-QJ t^Jlkajl L_JJJjj]i A k/i^ a ^Э jlaJaa_J ^Jj (Jjjj (. Sjj-o 

jnk^ Ljjjjj (j]j c]1LaI£ (JajJ s-ixJV! jj tdi]j jjA ^CjSL ;SHG djLuiLii ^uJajJ . ^Luixi] 

jjjj cJLLJi (Jj±uj LS - ^’- •‘LAjjJaSI oJ^-J Axjj-^aAiij Liii j Ая а^чаЛ AnoC-Vi (_^ jAjAa LSlxaJ 

(Xa SHG ^^xnjili j-ailij (Absorbance) 4 uA, jJ ^k-^SI jAiii 17.19 J^Lili 

(XA ^jj^ jJAjijJ ja Дс -jluaA AjuaC-V Aa. jjjA <aja 100 (_g-]j (Jj-ai ^LuiC <L£Lajui 
L nni <xjJaijlo AnlcVI a^-S % (2) <-<пз jj 38 .Яп iLa. (Azobenzene) jjjijjj! Sj-O 
jaI! dji jj3jajjH 1 ^jj^J! ^lxSV! j-o ^LL IJa jl (JaJ^aII (j aj Н.ЗхЮ" 9 esu 
(*j3 Aii ^J . jLiAA AjuicjU (jjlj^Jlj ^iAj]! j! jiiujV! jL tdi]J ^ . jjjuillxiA (jjALaii! 

(JjLl ^-LljJa V diSl^j CfiJjjC djljlui (JAa (_gJc ЯА jxil 6jl j^. J_^.jj Jic ^LljJa (jl ^ (2) 

Ixjjjuj IjljiAl (ji!J]i ^jaV'II ^э ajjLLJ! oJa Liaj! ji ji 150°C -^ic. J-cLuj 20 

(jjijia jJjiaj (jja. -^Э diSJij .(jjLj jjiaI ^j <aj3J ja (JLaud! jAjJa ojlc cdjLajai] 
Lll! J j3 ja j j£ ^al , wiuil LjlLiiajJI (_£ -laj Лч"п . J j3 ja j j£]l A-i^, jj (^Э ^ju^LaI! 1хГ2 
4_ia. jj] (jiialla-A j! jjAi (jli]i j AjjjajSjJ Cll! jj3jajj£ jc LiajC AjjAjijA 

Procion Red jji jaj jlll 4 _iA jjfL ikk^A 18.19 (J^LiJ! jLj .LnLajil jj3jajj11! 
4_kuj!jj Poly(allylamine hydrochloride)(PAH) — SL L£jLLj LLjj ja MX-5B (PR) 
S! jjfLi 4_Ajal! ^ic^ 10.5 A Aj'qj pH -lic (jiiJL clijL JjLl Jjk-A j jkaiil 

a J>ajj LjLLuijj$£ PAH Aija JaJj JjaJ ^J jaj ^.(jjjjjjj iaJJ ja JJC PAH 
jjfli (jj^i pH 7 -lic (J jUa ^ (jjiiL djjL (JjLl (jAliaxi]l A-la-uj! Jj PR (jA CllL jaLui]| 
A-juicV ПхЮ" 9 esu 4 Aj'qj % (2) ^gJc (JjLuaaJI (jj^. .(jjJjjJL UaJJ JA L&-lic PAH 

(jl 0 * VNJ .о1д A^ji-ujj]! ^AnLlulj J^Sil Alia-gJI L-LLujjii! 4 j\aC A ku)l jJ Ая UAA PR/PAH 
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ж 


*) о 'u£ \ 

•* * » V >л* >/ 

^jUmi jj$£ i— ш aj j AjLuu fLwfr w ;Lia" ujjjjL w LLA л gjji^j 16.19 jLuill 

. ‘Д < "1 ; jjl jjij jSJI jjlu . (_ 5 jLV I jIj AIjL 




0 20 40 6< 

jui]l ."'1 ajU'l JUc. 


tliUjhll jjc. aJVJj SHG SamJ ^jJujjjII jAaJlj 500 nm aIc. Aj«oI «-VLVI 17.9 JLuJI 

jjL 38 j^jjll (je) (JjLVI jL AJjL ^jjJjj^ JJjuIjJ < -ш jjjj Адшиал AjJJlCV Аш jJ jjlll 

.(fLjjill <j4jjj»VI J4*j*I I jj 
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3 JC- ^-iluaj Ajju AjjIIlu i j ij AjS jUjj A La Д ш ajj AjLad ^t-iUA л ^jda jj 18-19 JSJUI 
WILEY -УСН Yerlag jLlUI jIj <jj jjL 40 j^jJI jj) Lj|j Д »'«•>« Ajjlai jjlljla 

(GmbH & Co. 


Summary 


(Jjaala 5.19 


4 ^aLx-aliAl CIjI Jjuj j i CliLiL-a j-q <Lisl jja]I 4_ijj<q)I jj]I j Я -ljx ja* II jl j-al] 

.Ajja-oiII CjLijjjj£]jU 4 jq^ jq j| j-q 1 g ‘ijQ (Jx ~ч'| 4j]Ic. Cjbj\,L»qujl j 

( jiL ^ ■ (_£jj\-j]| (_jjjl-lLa]l ^ic. ^Vill L)jli Ял-а^-а]| Я_р\_^М Clllajia]l jijJ 

iiLljla Alii-k-tfaJ £ jjJal] AJC.UI 4_ljjJa*]l Clllj jjUI L_Jji!i]l j dlLijjJ^ljH 

. jl g ~ч11 41 1 jl jj j*j] 

jjjj^JVI CliUjl -л Jjjj Jliill 4 W j'ill Jlijjl ^ic. Ajj jjjajl jill Clil jjaj] jj]I A«qjxj 

1 g * >i» 1 Jc- 10 nm jjLkj UJ^ u' es^' ‘UJJ^V' ^^U^J 

. (jjiXj]l 

J j^j-a l q l * k jj-qj] jj jl jjlx-a j-q l Qi ‘t ^ j j j \ a Л j 1 1 4 \-*v 1 Л \ ^ч\ 1 i * tl ^ u n I I j3 jj 

. <Jj jjJali] ji a^li^ (Jj'qVll Jjili-o — ^iLa l_J jILlaII L_ljlij]| (jjjj] jij 
dll j^iaj] J j]| Jjij-Q — ^iLo Jj£Ijj ^ ^jjj Oli CllUaiik-G ^Lljl j^-oJ 

.4_ULx_a]| (JjI jia (j-o -i^C- (Jij J_iJjjJaj]ji]l 
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ljV Лл -U! ^Э ь Л Ja Д -ijlj]! 4 jj ja3! jA AjJa^jU! 4 j jj-aU! djUlVuxiV ! 

. J£ja1! ь jlaLiLoV j! ja L_lUajj j c CjV Aia]! j ; Д -jJ jjJa j jg ^З! 

AjjjJaC. Uja ^JjjJ j! AjjLJajj^I]! j 4j£jLuoj 3! ^! 13! ^JAaUl! Jjjl jla3 j^AJ 
(jj! ja. J ^^jLaj j!jjjjoa! LgJj cajJJ^ 4 jla^V Ljj-aJ djLlVu J С1з!1 Ajjlaa 

. j! jLlA-Q 


Questions AiiJ 

JLaxluilj .~5xl0" 4 A/cm 2 ejb j^i jLi Ail!i£ 1.9.19 JSJJI J CjLiLii]l jAii— 1 

£ j^) A-i^jlaJ! Ajaja^]! Se.La£i! l_lui^! *. jj!» 'Д! aUaxm]! c!jLqj]*-a]! 

.(ij! j jjjjB JSJ ! jLj 4iij-aj Ял-ла-лЗ! djLjjj£iV! 


S^Lia! l” i A^ijaiA-uj 4 j]^] I-V yUHU! ti]jlui3! 7.19 U^ iU! ^э j^Jaj Lujj - 2 

. 1 (jAjJJ^J ji! ^cJa (JaIc. fijlc. ь j^_^jU jjfL 4 xJaiLU! ^ Kia!L 1 aL ja 
A jJaaJ! <j! VudV! (Зэ ! jj j! l . i-sj ^Jaj^L Д-ЗЬ^. ! jJ\ j! ^iji j^Aj c^^j! l_jj jaL 
^cJU! (JaIc. Яииэ La .Jj^jjLU! Sj!U! AjUjij Sj!U! jx -аэ jLi jjj (Д-л jlLU! jjA^ 

<j l_j jcjj jjc. J. 13 1 jl£ j!j Ила. ^£ааЗ! j-o c<ajL^J! ^э^ ?L3laJ! ьл$1 

jL jlciiA I-V ^ Wia! jjfL j! j^Aj ^iV l&! * Ja3! JaLU jjfL j! U jjj£ 

. (a iLi ia!! ь'а& ^э l-JLuj 


4^j.1^a JJC £A ьА Lo ^lc Sijij tCO ^JjJJ 4 A-U-uUaJXA j j£^ <L^ja jiic.! — 3 

:Li!)LUL ^LjaU! ^э л 'm a a Laq j л!с. ^jLj^£ 1! Jla-U! c_L-aj j^Aj Cn^i 

. E^ = E M cos (ort) 

.E 2 £a *LiL3! Ljja 3! j-o L-jUaiiiuiV ! l-lujLjj 4 1.19 Д1л1л_аЗ! aUc Jcj 1а£ — ! 

аЛА JCjj lIjL j£a ЛЛа. cAUaa-!! 4 j зГза!! ^J!jU! -ЗааЭ AJ V _)ааЭ L^jjL£ oClcL 

. J_ijUaijjujV I 

E 0 dc сЯ-?-* Ujaj! jj 4co jjjj]! л!с Ял. jaJ! ^J! AiLjaVL cAj! jV! jiic! - uj 

<ь ja 3! jA l_j\ lii'unV! AAjfi ljL j£a лла. c(!) j! jjuJ! La£ .ojLU! ^lc j^JaA 

.^J^]! ^Lj^ll! JUuUl jA 0jLl! JjjL3! 
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(^) co .j-jj]]! .ijc- 4 jjja]I j-o ^->1]-»^ ujVI $. j^. c£^jj — ^ 

Лл.1 j jb I jm л . (jjlaUI dc J.~4 <q\ 1 4_lajujlji ojLa]| jLu£j| JaLx-G (Jj^XJ 

cCQ ^^j]]l ^jc. A_ijlii]l Ajjj-<JI j* AjjI ‘haiVI j (P = £q%E) AjIx^JI J-iil Wq н*)У1 

jjfL LoAic. E 0 j 1 jItn j\»*n <j| (jijj бЕ 0 aJ V Ji*-<i]l jL/LVI JqL*_a 

. ^gJ jVI Ajjja]I j-o L_l\Ja5lLujV I j-Q JJJ^J jxj-sal A_lj\j]l 4jjjUI j-o L_lUailiujVI 
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jjjjult]! 

jil\ CjI jjIJI 


Photonic Crystals 

lULelS iLui jUjj 

•WA 98195 t (J jLlui w jlalJi! j л\у cf L- 4 j£J! 


Introduction 


1.20 


j! ja j-o Ax L/^xa AjjjJ ^jUai Sja^ <jj jJji]! С1з1 jjlUl 

j! j-U! j-° ; ijj-sU! ! L ^j^-Lq jja! .А_а]1а_л jl ^i^'i! с!зЬШл_л С1з!1 LjLj^ AJjlc. 

4_ajoi1! . (Jsj-uia j^ -з 1987 ^g-3 jj^.j jjjj^jjjljlj Я_з!лл1! ^^э 1 , ium'i £л vwl! 

сЛ ojjla Aijjjji]! l^jjjj ^ (Band gap) (jUaj & ja^ л ja. j ^ Ajijl ji &jjlU 4 _iujLujV1 
j jJo^^l! jUaj]! ц 1» A) Ld Ajjuj l_j jLujLj л_ьип]а^д_л j j^]! cjL. jU! jLuHj! ^^э jjjIj]! 
jjU^U! (jUaj]! ^jg-La (Jjftjtliuj! . (Jj-a j-q c. L-V'i ^Э djljjjj£]VL ^jjjj£]V! 

^Э 1 g x ^^JaLtJ^j cLgJ ^Vll! j ;С1з1_3 jJ jil! jj-^aaJ Ajj3j 4_aj])Lg о!л! Aliix^aJ ^^jjjji]! 

л! ja!\ j-Q L_aj-u£a]! \л $1 Lc. jjj -й ijjLajj]aj jj-ual j! jlajC. (jj^.j .$.Ljaai] Aj]) 1 j]! jlxj^l 

L!j cjL jj jil! jlLjj! lULjV 1 ~ч jj j^ J-g*jjuj j! cAjjjj ji SjjLl j^-aj ЬЦаэ ^.AjjjjJ! 

L^JLgxjjoi! Ljaj! j£-aJ •‘-l-iljjjU! j-G j.Wx> JU-G jxuJa ^ 1 g 'i^ ja. olaj! j! L^jUailjui! jl£ 

^lU j! $©jja-A С1з! jjjJ jjc. A \ \x <а1а1л ^Э CIjLjJ jil! £uJa J-° J*^tv 1 Я]1-лЭ <Lijujj 

<]Laxj-ujV j! iojh^A cjLtjj! 'ijjj^ jj^j. j-ijl j! t jlla jji ja jj^l ^Ш! cjLtjjVl 

.^iUal] j£jj jii jjjJ jJ*-a jLuia (JjJa cljL Jj jil! jijj A_i^jj] La. j-o ]-L]j Aliij-aJ 

£ juJa]] Alic-L Сз! j Jjj <C.Lua ^Э L^Laxjjuj! j^-GJ AlV Ljlij А_л^_л (ja!ja-l! ajA ^xjxry 
jjjuiaUj cA_iic. (j! jjjJ (Jj-aj-G c L-a*3 (JjjU jjJj jU jU cLujLj-g ^ ja. Lll j (LEDs) 


* * Younan Xia, Kaori Kamata, and Yu Lu, Department of Chemistry, University of 
Washington, Seattle, WA 98195. 
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4jj jjj£ 1V I j Aj\jjfr£ll— A_jjx.-i ill j 4 jja-aj]I SjgU^I j-o (_£j^l ^ljil L У* «^*^**]! c-Ul 

.\jjA ja. 1 n^iVi 4_1л ja£J1 

6^1 .20 (J^joJI) а5ЬИ1 cUjVI ^З^жМ Ajijjjill cjljjlJI Jc. ciUjVI cIixjoijj 
^jjujLujVI Sji]l c iLi'a'i cilj .Ajjjcljll cjIccjjII J\ ^ ^ uiq i Jl ^jji Су* сь (JUa]1j 
(J jJaSI jAj 4 1.55 //гп (Jj^. "L*Li jjLUi Sj^3 e.ljj ^^л-иЛ jLuJl ILa ^ 4лз1Л 
LjjjJjS CjIjjL ^ n-oj j .Ajju-aJI 4 flLJVI CjVLuajl LiujLjB A U-^ij (Jaxj-uia]I ^_^.ja]| 

jjj (Jc.lij]l ^jjjla jc. ^UilL l og 11 ILa (J]^j 1.55 |Jm (j-o Uji (JaxI] ^jujLia 
^alc. CjVUa (j-o OJJC. j)C. JUa' 1 |СД C ilUj LaJj ^.AjJJj^j]lj AjjIui^II CjLujIj^]! 
CjUUjI 4j^.jjj L_ijj*j J AjaaI J£)l\ jj«il! AjjjujUJI cjLuiljjll CjLI Ll ^cIjaII 

c fll (_£J^> LaIj ©jjla^A CjliUaj jjU'll 4 (JLia]I (Jjjjuj ^5^" • (JUa]I !U CjjJuJl 

\ g ^U'iI (Volume fraction) ^>^1 1 $• jUl j U jUllj (JaUj Laj) AjjjU! ^gjjl! ^-ja^. 
SJjUI JallJI jjj jLAjV' J (jjLul] ^jVI ^JI j ^(Lattice points) Я£иЛ1 

(j.wMl Juj i ’^.Ujjaj Cjj^il f 1 cAjjjjjUJ! oUUaJI jjc. (a ^q-l'uill j U1U]| 
<j j j]j А_Ш UUualj (_]jaJJ jA j l j! ja] 1 ^alc. j\Jaj jAjJa (JUa'I I U ^^Э ^uujLujV I 
^iiuali]! А 'iA jjjlaj jU i jLui]! IU .^JjUa А iKj j 4<j ^U'ia L_Jjluilj <U,jjiA 

(Ja cj^x!] cjaj-uia]! Cjg >)l j£jjl! ^x-a . (JU_a]I !U (^э Ci^j]I cjg >) ^uujULM Uj^ aII 

ч jujjj Ujjj jill CjljjU! Jli ja (JAa ^j'lA'i jVI jUj c4jU jll Cjlc. ja^aII 

^xjaViII^ Cjbjiu jl (UjjIiaI! Ьэ! jo jjjU!) (Jiujl— А аэ diljjliA (JUxIIujIj 

Uj J j jil! Cj! jjU! 4 in*-i jjj ^-Uau-al (J j^. aIaLui ojlaJ (Jx^a^ll 1U juaj*J . (^j! j]l 

.Ajijiaj]! l\ ja]I j-o jj^Jl < luUl \l^1 q jj'iaII CjI Qj U'ill ^Jj AiUlaj c(3D) cUjV! иш! 


»Ш1 




(1D) 


(2D) 


(3D) 


jjc- £у» 3D j 2D _з 1D цЬ <UxJJI AJ jj jS cjljjLi AJaJaxj cjLxUj) 1.20 jLuUI 

. LuLj^S AijUJI j) jJI (jA jJLx д 
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oiiUaJi jc. й ja ja ДаС^а (JjVl ^.laxj l ^Lui^! Д -uiAa. ^Э ~ь1~х\а (Ju-aa]l IJa 

. ^ajg h/x\\ ^jjJajj] (1D) cLx2J! 4_pLaV! 4 aIViVI (JLa*I1ujIj ib jjJ^^aII CjLIL'iII j Ajjjjjill 
4 jj!>Ij AjjjJ j3 CjI jjL CjI jj ^ 4jjj5Lia]I Lal jC. jjjIII CjLjlaj (JLjCLoiI ^giLl! ^uiill jjjaLjj 
LjaV'iII j <aj]a <ajla (JjjIiaII ^jjj-ali]l j)A j-ojJajj <]j-qI £a t(3D) iLtjV! 

jla AjL-aJ ^i! 1]| £_lAaj]l С1 п\£а! Ла 1£ LaiiCa jj Cj]\j]l ^mi\l ^jJa jJ . ^э! jC. j] j^I! 
. IiJjjji С1з1 jjL 1 g iL-aj (_]\ах11юЛ1 Aaj jLc (JAa]I A_Ljia Ajjja Cjl^J-ui ^LilauaV AaIc. 
ciiiuu]! AjdjkV! (Colloidal) AjjjxJ! с’з\ ajh,i>\\ ^ILl! j jA>'i\l ^^Ic. j£jj а jjuj 

(Opal) JLjVI :4_ic.jj LJja! Aj^\j JLaxLjIj ^j^-LaI! jLLajj l_ajaj c(Monodispersion) 
AjjIjA Cj! j£ (jA jj^-UI (Inverse opal) (^uu^xl! JLjVI c4jjj£ cjLjjc. jA ^ j'u^jI I 
^ £. jjJa]! £jl j]l ^uuii]! .Ajjj^V ClAjjjC. ja Aj j£a AjjjL CJiy, ja j S^luaJA 
a aIvVI jIL ^^Ic. jj£jj]| ^xa tAjj jj jill CjIjjLIL a Lyi ja]I Scjji]! cjLjiLj]! ja jcc. 
CjUUjVI jC. CjLx3jj]l (jjaxJJ jckVI ^-uii]l . c. <aj\jjl] A_Ll3 Jaaj\ >a~\ jlajxj ^л]! 

. с! ja]I ja cj^JI <. flo-a]l !U jja. a_Ai5jx*ia]I cjLanLH Uj^j 4 jk'Vi j! j^-aj ^j 1! 

d jjfcvaW CjliLkll! j Ajjjjjill CjliUal]! 2.20 

Photonic band structures and band GAPS 

Cj^ cbtA (Ja. jj jla jc. Jaujj Aj j jL a£jCU ^j jj jill jUaj]! A_nj L-iLuia. j^AJ 

2.20 J^j]! jjjj . Lj\.^a Ajjjj aIIjj ^Lj^UI (Jj*!! ciuL jc. jj*j c'n^ (Jjjju^Ia 

Л» Jl -li^.j ^allaj ЯИл. ^^Э Ajj-ui^a ^ lauill ^^Ic. ^ aI^L j JJJ Cjc.^ ^jjJji]! (j\!-ii\l 
.AAila <iila jjjqVi'N a jjjjLL Ajj3j AjLiC-V l_j j\.Wa\I jajc£j]\j \ g зм 'u-Vi j^AJj 6(1D) 
CjLlIaj]! Ija! j! j^AJ c (JjUa]! (jc. (Jj\'iiuiV I Ajx-alaj ^jlj (Jj jjui^Ia Cj^ cLxa jV J 
<ajui]I (JjjL^ ^Ua jjx'i (jjjla j)C. UaLuJJ CjljJjj]! j ул (JUa (jl ^lj Ljlaj Cjlja-Ulj 

AjjjI! oL ( a ) (Periodicity) AjjjJ <IVcj jjjjll jc. 'ijlc. jjxj tjllU .AjjjJ AjjjI 

^Э 4 null CjliUaj]! Ajjj (_^Ic. (Jj-uaaJI jja .o jjL]l <ajui]I oU jLfL Cjlajla]! o^Cxja]! 

cjx_ajl 6<]laJ! cU (_5^j 6 13 ^jc. jLiUalJ ^ILj^]! (Jj*I! (jLL 1.2.20 (J^ui]! 

V tL-ajjAaa <jjxJ! оСА Я1\_а ^Э .GaAs (j-o (jjjlaJA jj3j e-LLc. ^lj AjjjU! a£juII 
AjjJj UaLuJJ (. juCal! JjjJ (jlxJJj tAjj jJ jil! CjLUaj]! Ajjj ^ (j\Jaj ‘ij>3 jJ 
4 >'\а\1 jj£ j jl (jjajjiAl! jA jl£ IaIj . ^y(Zc) = ck/c/' 2 cjjual! Д1 л\_ха (ji j ^^ja]! 
'iCjlc. CjjLjll lajlaa. jiij j! c _ з> j с(Вп110ШП Zone) j! jJJJ АзЗ-Уа £ jLk <juiij ^jJ 
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<jj-uia-* AaIj Ц-3.2.20 (JSa'IJ! jiJJ . L&AjAa. (Jj-aJ LoAic. AaLi1a]| 

^i) 13 &jA3 ^Lj££ (Jjc. L — ljL jJJjjUUJl jjJA±iall dli^ djlaJall ААл11л e-LLc. 4_1U 
aa jj oj2k3 a^.jj aJUJI oaa .l_jjjjj11 ^^Ic. c (AlGaAs aJU. ^i) 12 j (GaAs ЯЛа. 
Ja-d ^jl ^-Jaljajj V 4 0 j 2 jall oAA JUa .(n = 2) (.^ic. 4 ^! J (n = 1) ^aV! jjsUall! jjj 
^lc. ^jAjaxI! oUjVI djlajJal! aaxLaII ^LJiiJl jjc- jdjjj jl (k Яииэ jc. jJalll jA j) 
LqAjc. ^LLl) 1 \ 1 3 ^j 12\13 j-o ^Lj^lll (JjUI djjL ^i jjLjll SaLj £-& .^JajoJl 

5= 5= % 

Iaa (JLa ^Jj jLL .Laj^_Li L*-ujjj Sjaiall оад £_uijj j 4 (s.!jAj GaAs j -л 4 , n»Jl ^ u^-> i 
.AjjjAJ! A^JjuJI оАД ^Э jj)a-\.all Jj jil! jLlajJ! ^juAj djlAAjjJl Д -^Luj ^Э ^-LlaijVl 

djU. jaJI ^jsl jJ ^jill JaLijVI AJV Aj jjIvn-qH jj jil! jLLjJl jjgJa ^-Э Ldajl j^AJ 


Л_и21 ^ A^jjJJI CIijL 


jl ‘2a ^s^-j-Ll JjJall djlj (Standing waves) <iji juJl 


^Jc. jjh^ll jLLjJl ^э L^jljjl jj 4 j * j L» j ж xijj^£ djUja ^ujj LoaIc. . л» J1 Saj^jJI 
1аД j-o .100% ^j cJj-aj AjJLc. o^li£j UUx_ia CIjU. j-g£ oAjLc. jjjj tA-ijjJji ojjL Ia^a 
1_LLj^£ aJjIc. L! j-q dljiui c*\L*n jl AxjJ! oAj^. jl! Д -ijjjjill djljjLll j^-aJ 4 jliij^ll 
Ajj-usajJI L_LjLdil! Ac-Ljj-^a ^Э jLuiijVl £-uj! j VLa*JjujI djl jjiill oAA CllA^j A3j 4<UL 

.<Ua judl 4 Lrfoj ^JjjjJJ! dilAjjAll 

й м 



(ка/ 2 л) ^Ц ^11 


(ка/2л) 


AjaJjujj Aojjj ijfi S jjL 4JLa. l-ijjui^-L 1 Jjjjj 4aj jj jill LjliUaU! ^_L 2.20 Ji-LJl 

LLu j iCl (jlb 4£_uLIl AjjjJ . LlLj^j jjjjjlc jjjjLa jj AjjLIj dilijJa ja 4_c jluaa Ю 
SiJaiAJ! JLu .£2 = 12 j 6 i = 13 (ta)j 5 82 = 13 4 £i=13 (1) Ua ^LjfiJl JjxJ! 

!аД ^Э LtJJjj jL t AouujJaji-a j j^d <Aja jl jj£j jJ .IjjJaa-a Ljjjj 3 liUaJ 4JaJaa-&Jl 

.SjjJjJl й ЛА JJC- jLLjjVI SjJli 4 jUail! 


Cj! j'sall ja ^jLgiV AAC. Lo jA djliliijJl A_i 1 j ^Э Ал. jj 4 AxoJl .lia . j ^Uaj 4 _JU ^Э 

j jxJl Я-«иЭ ^^Э jjLii dJliA jL£ LiJLLa dili J (djLiU-ajJl j ул ojjUUJl djLc. j*>*'l j^) 
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dilaUaill jjj jj-aj (jl °i jIxjVI AjjJUII jl Ajjliiill a < a)V i iVI ДЛ_а ^i 1_л1 . ^Lj^Lll 
(^JjLll jl jJj-a-Ul jl) ^L]! jjli^ Л (jUai]l c_sjxj .A-qIj]I jjc.j *LL]I j jjk^-Ul 
CjlilkJI Ajjj ^ (Brillouin) jJjLjJ Aikjj (JaI£ J jJa ^gJc. Ijjaa ISUaj A’\k>.s-i) 

jjlaa-o <Jjj <jl_J <aIj]I JJC- (jUaj oja -Э ^l jLaVl C_jlc.l jLLj j^ (_^ .AjjjJjil! 
oUj! (JjJa ^^Jc. JUjjV! i ‘qjk <^i -kSa j^Jaj <j^ ((Stop band) (jLLj ^^-auij U» j!) 
^Lual 1 g jL-aj LxjVI Ajj!)U J-a\j jUaj jja3 ^Jj jlai]l L-ajl j£-oJ . (jjx-o jLajj! 

£_ 1 Аа. JJC. jlUjjVI oUj! JJXJJ Ljic. IgjLjjj (J£.!jjj ^gjll Лх -all CljliUaj (jA Ac-j-oa-o 

cAjjjIJ! AjjJL AjLia (jUaj jja3 JjLj (jkjj (<!L_!1 оЛД ^i . c-LjaUl Aj^LJ! jLuVI 
(jjjj Vl j£-oj . (^j-Kll jjJI S-iL ^l^I) (^Lj^Lll c!j*il LuL jjLj ^iLjaVL 

<jjj ^^э <1л1£ Ajj jjji cIj! ja -э jj£j J! jLa£jV! U-qLx-q ^э jjJ q.)- a ^ ) j j^ j 

.CjliLkJI 

CjLLLxa (Jaj 3D SjjlU ^ Jj jil! (jUajll Ajjj J jx^iaU! Ljaj! j£aJ iLjjj-o 

jc. _ij! jll <1 ac. .jLxjVI Ajjjj Я1Ь ^^jLj^LII Jjx]! dulj cina. ((Jjjjj£Lg 
<£jjjj Ajjj jl jA jjjI (scalar) LiaLoi La.i j-«ij jjjj^jj jLL (JaxLj! cAjj jj jill Cj! jjIU! 
<а]а1л jV Я -qL jUaj o ja -Э jJj£li! Lil j-a jj^ L)l ^ . ^>J aL (jLo Aajll Ajj£ja <jx£a 
С 5 ^ *c£ jj^I lJ^UJ! jc. uLl ja-jl (3! LlLi (Reciprocal latttice) Я-ь-.£х!1 l g"£nU jl jjjj 
n_L-aj] LAA-o -ixJ ^al ^^aL-U! ^'ij-aj]! jl Clull ( J j^l (.** l ^. ) Cjlc. j-q'S-q! AiLjUI С1з1_1-и! jUI 
(jjxj LaL Я -ajL-a jriLj (JLaU LJaJ Ai! j ( LxjVI (^^L ^aUai ^i Ljjj ji ‘-jjliUaj ^^^JJ 
12. 4 j* jk*i»x> jj$£ll CljLaj-U] Ц _n jk*i» -q'I j ALLj^£]I jjjj£j-UJ 4 VLll AxjUal! jLjcV! 
(Plane Wave Expansion Aj jLU I <a.jAH jLj Aijjk c*^ n-al LjjixL ^ 3Li jjj j-o 
jLxjVI Ajj!>L]! <-UajLM <! La ^ JLoxL-jVI yU LjLj Uj! jjVI ji£! Method — PWEM) 

(j-aL-aj-oVI A >J*n) Aijx-a 4jlj4" $.1 ja! ^^lc. A_jjLj^£]I IgJjc. ujul jj c*"*Lj V (j"! 
JLxlui! rnj (( jjlx-Ul (JLq) A -q^ -all CuL-aLtfaJ-oL/ 1 Ujli <-JajVI Д-! La ^^Э 
j£ jlujjj — j)A j£ — Ljjjj£ <jjULU ^ jj jil! JjlU! 1д jLjc.1 j£-«u ALjj <Ljla 
<jx£U! j Ajj-u! JlLI CljKnjll Я]1_а ^^Э 1 ^ . Lj j jj£]V 1 A-JajL/1 AaJlx-J ojjla-JI (KKR) 

jjaj t4j^-Ljj jjjjL Jj 3 j-o A jnxijaJl ^tuLiil] Jj— a£-o t. L-aj j-aJaJj J ja. ( лк nj "1 

сЛх] Ajjjj£jx]l a£j-uj]I ^ilj-a j-o Lg_! ^jjjujLJI (code) jLj]l jj-aVi j£-ajj ^;<jbLjj 

j-o <jj£-o Aa.j]l Lj£jA Ал х£л A£jjui ДЛа. ^Э Ajl L j-aC. J ji'Lll j-o .C1 jL_j 1 ClAc-j-aa-a 
Lg -<a tillJ j ;J_ij jjji]l CllliUaj]! 4_iij (^i jjh^k-o <Jjj (jUaj Ja^3 Ла. jJ (Ajjj£ <iLj CjLj] 
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^al )w\\ ^э <UU jLUi S j^s c j^. j £-^з U jj . Ullc. ^UUj^ll! jjxl! jjUi jU 

!л^Л jkLli jjUj LoAic. .w 4 LiVil! Л 1 с> jJallillj ja^-oll j^UiV! jA iajjaij]! с_ 1 л£-л]! 

Ajjj J dJljl! J ^Ul! jjsUajl! jjj A-a\j (jUaj Sja^ jjLjj cjjjUI! Ajjj Л A^j-uj 

j— k 15.7% Д_1а^)3 'i Ci3 — la ■ 1 j ^JI _аЗ A Uti') £— i tAjjjJ^jill Cjl3Llaj]l 

«3.6 Jja-jl) 13 Jlja. Jbj$£ Jjc. jjljjj~ 37% e ^ g-aaja. <• ja. .Jc. Igjic 

17 - 18 .(jUj£jVI Jjbo. Я1У* 

ti JJ%^' ^п - аИ Ь AJjjjill JjIjjL' 3.20 

Photonic crystals by microfabrication 


Ij н*1 1 j^_uj ja! cUjV! A-LUU! j! ^xJ! <UcUV! a_ij jj jil! cii! jjlU! лс.1 н-о jj 

<J jLiIa CllliUa ja 0a jJa L-lHoi jj jJC. JlxU! 4 j jUV I <-UajV ! Ail jJ j£-aJ i ^-Ua3 I jjjLia j 

4,L>^i! jj Ujjj j j U_*jVI AjjUil! <-UajV! ^Ui! jkaj jj^. ^ql'i^A ^Lljlc. U j-U 

Ajj jj jil! Ci!jj1j1! l" i.Wj udlil 4 >j'jj jjc. a_iuLujVI jjUjll ^pUiiV! j*jj«Q j jll 

)*H-o‘j ^Э 4_la-uii dlUjk* 1 ^‘jL-o) jLujjjV! ^-Uj VLa*jjj! jUjV! ajjUjI! j! ^xjI! 4_pUV! 

(Optical notch Ajjx-^aj UU!U CiUUjj-Q J-Uli ^jil! AjjUlil! jA ^^ic. ^jli 

L_aUlV! £4 jj c‘iKn‘jj ^^cAjjj-iaj l_j jUji lUijUjj <ljlc. U! j-qj 20 tfilters) 

J jjj^ Uci tAjlUJ! jjjkil! Uje ^ ttilLiA J! jj U 22 .(Bragg gratings) Ajjj^J! 
^ij ^j-oj-ajl! <LUj jUjV! Li£}U Я -ijjj ciKn*;, iJjjl Aj^jliil! -UiAjjl! djLjUi jjUaj 
oj^3 ^j-q jU U1 .4 _aIj o jjl -Ч^к a Uijjj3 ciULkj jjj£jl ^jjiU-U! jjjU-U! ^ja^j 
tdJjl! L-Usajl! л n*ijj jUjV! Ajj^UII ^Knill AjjjJ j-^jWi j-Q ^jjj jjU^-U! jUajll 
cii! j^U! cjLUajj-Q J\ ja U j^jii U^jc. U.i^j j!K! ^jjj-ail! ^uAj j! ^ jjj <jji 
U jJ! Uj-cml f, j-U! j-LUj cdiVUJ! cU J .4_i^uudiijl! jj^ j! Ajjj-U! jUUaI! j^_i 
<££Ult ^UjV! J 300 nmj 100 nm jjj L^iLujUa ^ j!jjj 4jjj5La ^ <ljUl! 
^a j . Cj! ji-o jjLil! di! jjjc* jA jjJasl <aliU-A cjliUa ^_п1! jjj jj^-uj jUiV j 
^jil! IjHnj ^Jaj-uull jLuV! Uj^UI! ciK njj'l ja слл! Ulj! 3Ui ^-Uit Uj-i^. jj^. ttilli 

o^C. jj^ (jA ^l jC jl J^l! -klAlill j! c<aja <Ula ^j'n-oMt ^jj L^cUjl jku 

<xjoiV! Л qlViA ^jj V jjj UiU cjjk^-A dlliLLaj £_i3jj 1 g 1 J^kl j ;C1 iU_j! Cilc. ja^ a 

Uo j£-ol! ^iL-ajil (jj! jkl l-i^. © j^jA 4_iU*i jUlLil! jU-uial! j3jj .Ujj^I! j ja^'I c" i V j 

.oU 
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Layer-by-layer fabrication 


kib £oi -йй 1.3.20 


(1.3.20 (JSjjJI) JJaJjoiJ 4 . «Kuu ojbLajj Ho J* ^Jjal 1994 jalc- 

jl 4 j^)j! >2 jl AlilaJjabo AjjJa jC. ^JalLo CIjI AJ jlc. jjL±jJa3 j£jj 1 g я u«o 

g. \| Д 'пп! LxJjj - 4 0' j\ \ Д Q ^ 1ч\ 1 ^Lj jlaJ t < Д j^ 4 n ' ^ ^ i nj 1 ^ ^4_ijl_k-aJJ 

^IjSI (jjalkjll (jjjJ LqIj I jjh>k^ liUaj l-*\La\ jl aLjjoi IjiLgJ j^j ^(Filling ratio) 

»1.9 ^JI j^. jLai£jVI (J-oLt-o jjaiLj-o LyU^ «jj^- (l_J.3.20 (JLuJI jJajl idJlillj 

j-o J.1C. l^J lJ -а^ч Д_а^£ CIjI^JjoJ A_ij Jj jill djliUajll ^jj L-jLoi^. (_£J^. 6 4_L-a dlll LujIj^ 

j-o J^C. ^Э L-oIj ojjlj^j CllliUaj ^jsIjJ ^Ic. jjjxl! J j^j c<allL-UI djljJaLjj]! 

^jU! u-o\ cii^jl! c1jIc.ja^-g (j-o Ijjc. слс.! j]l 0jUj]! oLa Cjjia. j&] ^^.<-UajVI 

^Ujj C' \я u«o tAjlxJ! .Lijjj^j LfjjJ jL! l^jlaUaj ^jj jjuil Afrjk tJj^.jjLU! 

AjjjjjLU! CjU. jaI! (JL^ -л ^^Э LjIj Ojjli^j CliliUaj Cjli jLxjV! Ajj^Ij Ajjjjj3 CliljjL 

jUjJa^ jj AjjIjJj CllLajL^aJ 1 g I?ja n (J j^. ^AjVla j ^ULaj-a jl^ Д -jjLlluj Cjlilij (jjJ^£jJ 

^ 25 s „ _» 

u_aj] jj jLaj 4(jUaj S j^3 (_ji 50 dB Jlja. JajJ j (_£^з. ^ ^ a1xjol<i 

иЛА (XJjoijj lia-V LS -3 THzj 30 GHz jJJ £jl JJJ ^ giJa JU-a Ajj^joiJ 1 ^x3 jji 

Cjlj AjjjJji ClljjL djxl_a J Jjii£j jiu^al l^jLuilja CjL<uai Cj|j (_^jj (Jju'ijl AjjlLall 
."'I ~.d alj-o djlilxj t " Lljj^JI <"'V1 - -<tV I (Jl jjal Alc. Д -elj fijjla^-Ji CljlaLiaj 

40 dB < (jLiaj sj^j jjjj'i ^Ujj j^-jlj “ 7 .S jjLil AjjUVI InPj GaAs — j «-Lijil 
. t"4atU ,_gjLLj CjI3 <jjjL <£jjLj (99.99% ujja LoilLxjl Jjiljj) 



Я -ijui^ д Ajj ijj ijiil IgiiliUaj 4LL (t_i) j 4 jbuVI AjiibLi . -Uaa. 4л j£ 4£jjji Jjjjj (I) 3.20 J&LLI 
JuIxji (_yi jjLilSI j i26.6% jA LSJLlSI jljjjalis f. jSjjLI fjaJI .PWEM aLijL JLuljjjLi 
(Elsevier В.У. jj> jiL 23 jjxjJI jj>) .1.0/3. 6 ^s. LjjjLau J-uSJVI 
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АЛлИл j^s AjxSla i. ■ lla^. А_а^£ dlxjj^ c<L^a dlli AjJjLtt 

4.20 JSjLII jjii •' 8 -ri.n.;Va-'ll AjjjSjaII Ual^C. Jjjill Ajlij jLttXJjaiL (poly-Si) Cll jjLil 
(jjj 3 jjjjttllJ poly— Si il j-a pLjic. Lu-ttjjj CjIaj (^jjll Ajjlj^jU Ij-ttl > I LLa ^ 

<3j*4 a\I £(Ja -lxJ . (Jlx3 ^jjj! (Jtlj^l'l J AjjLiXA LiSl jC. jiii] 4_kulljJ (Si L^ijdl 

2 _ 1 аЬ <IxJ jj) ^кЛ (Planarizing) j (SiO^) (poly-Si -kjk^ 

л ; 

oUjIj) Cj]aAj jj poly— Si jji “LijU Att'U i_jjjoijj (jj^. i(CMP jl t(_g£jjl£jtt JL*£ 

л 

JjaJ ^aJ . ((^JjV! ^^9 ciiL (^^Jc. j jaC- <^_^.ja 1I Si JajlxiJ (Jjjkii jj^-aI! 

.Лкк 4 q ik Aj£IL <jjj <iljj l Og j kjAVi^ l_iiujjj3 ^jIxujjS £(Ja l ojJxiJi оЛА j! j£i 

Ajjliiiii <ii jlj poly-Si (j -0 ‘Lc jjj-a -й ^ ik^ 4 _aj£ a£jjoi ^^^Ac. (J j-uixxJi (_£ jx. tAjl^jii 
6 (_gJj (Jj-iaj A^Lajuij CijijjL u-o .HF 'Oajuii jJ L_lkjli jjjAjjli J4C. l£jLuJi (jkLiA] 

o-ixj JSl 12 dB Jij^. Ajjlui (14.5 pm j 10 ^jjJall (_£jii Jxxjlj .С1з1а±к 

jC. (^^_xja 1! (J jkli i»Sa (jA ji-xuai jj^. <_^Э £ jdail £jJa jaJ jlg_kj (J j^. j .4-lix 

(XJjui jJ (J jx. 4j!-1x j!i£l jjajC. (^J .A-lijJjB ( 3 -З JC.LI L—liC. (JLxj (jjjk 

30 * e ^.... . 

. jjjjuJujii (Jja j jl*_A jA Aju ^ I Д1Ж Д_р jj jS dji j jL Ail jji o jA ^jluajJI <Li jla 

grijija (jLkj L^ (12 pm dc. Длк. i^.j (J^l 30 dB) 1лл. л.мУ! L$ 

Д_рЛд_А А_р Jj ja CliljjL Ij^A Ldi jl £3 jJa1! ja .20 pm 8 j-e LjaI jjk *\ a 

4_3jLkij£jjjjil (Jja^ LjjuiVI (SjuixII ^LtuiLi 4 \x^a dilj 4 Ч \"i *ч a dji-3jjkj L/LaxijuiI 

. (Д -ijl j^JI 



JJjlLaI! (jjioLuI! jA L_ikx Laj£ 4S±uA j jjLiaI! j-ilyflSli (JJJJ (^xiua jj 4.20 JiLI! 

. cjjluuL CjijjLil 
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JJJ^ (Jjl Ja 2.3.20 

Other microfabrication methods 

^jL^la (J^jLuil! ^laiL&ll ^Э ClluiBjj ^lil! <a±Ia <a±)a ^-liualil! AiL^la 3 ! £-qj 

1 V‘l 4jt-ui^\ 4_а1а1л ^Э A-qIj SjjLia-A ClllBUaJ di! 1 (__llaa-l! Д-а j£ ^LuiiL/ 4 jl» Э 

Лхл1Ь ^Vi'l c_LikJ Cliia. Ajj^aI! <aialAll J! IaCjAaj !jjj£ U-laL 4j! Vj c^I^a^J! 
oIa y j^jj ttillj AiLjaj .300-100 nm (jjUi-U! ^liJ! c‘ il \\W ^^pJ! 

(3j^j cIxjV! Ajj^U <jjjjji Cj! jjL ^lilaj-a! ^^э ^ \x>c. jjc. ciii jll a^I^j-uiUI AijjlU! 

^ Clulj cJljA jl£ tL_jl_iujV! oC^J .^*ajaJ! JLxl! ^-UiV! ^ j! cCliliUa 10 j-Q j!i£! 

a^jjoi jjjj^ jjLb ^jis! c 1 99 1 ^ .J^LluJ! г> 1 л ci^ aJj.ij cjljjlijj ^^.jj jc. di^_J! 

^ijj j! 1 g j^-Qj ^Ajjj^ jjc. s-Uj ciiljJ j)A Дх. jj-ua-o^ oCjc^. (FCC) jl! Aj j£ja <j*£a 

J^j ^g-lc. J .ЯаЬ (jUaj aja^ aJ jj! (Brillouin) j! JJJJ Aiialo ^ W <Jaijl! Cjc. J^yLaJ^! 

jV! l^-ilj uUiL и' ^JLuJ! ja jL-a (jUI^ AijjJ a£j-uj !c£^J cAjaa! j!i£! 

Ajjjj! J-jjjuJ jjjaiJ! ^Jajoj! jJ Л \\»Л\ o jj£j ^Jajuj ^^Jc. jjolij *JjJ jl ^"dli3ji jLU" 

^jjjaj ^Ьэ jjc. (CAIBE) Chemically-Assisted Ion Beam Etching UjUaj^ cc-Lub 

Axjj! ^Jj I g Ч^с. (Jj-ai J-ijjjji CliljjL c“ \я u-o сЛ ^.^jSll j-o A_iui! -Iuj A LU-a ^^lc. 

JLa-U! ^ (Forbidden gap) q jjLu^-q Sj=»i JliJjVI ^ibial ^ dJaajl j ti£jji j! ji 
^llc. 0 j>^ll A^xij .11 а*чЗ j! Caj c]j -(1.5 |jm Jj 1.1) <ujji]l jjja.VI C^i 

Cli! jiaa ^Ijj! ^uUI ^u-o'j j! ^Illl ^(JjUajl! ^CC-^ AjjjjJ! L_JjJxJl AjjoiLuiaJI 

.. s .. s c 33 

Ujj L^_i! AjjjjoJ! Ял -ujVI Ual^c. jjj! di^Ja! cdiU jjV! Л “Vlj " . . — "Л1 

Poly(methyl CljLjSLiiA Цшл jxajl jj l>° »4 ^ ‘ " U jj jbb <SjJ L—sjI 

CiIjji CLjd Aaljjoi ЯлС 1 A-o_yJ c.Lixil jjaj jxj (jj^. iAJLJI sLa ^ 34 .methacrylate) 

AjjjIj jl jjl Ajjoi AjliJ (J jj. jj II j£J^. .JJjiill jj Ajjliu A^Jjj jjc. j^l jUI ^ic. 

(jUaj L-. jl 1 1 .3 |jm Aic. A^jjjll jjjLi Ajaljj -lic. J . 6.2 |jm aSLjjj (JjjjIjj ?.ljjic. 
(Reflectance/Transmission spectra) Jiill/ Ajjoilixj'VI djial ^ 2.4 pm Jlj^. 

. ^jolali J j j j Jic. AjjLLUI 

Cjj 3 jj jIjIj A ‘j J jIjj jLjj Ajl Ljajl jCi 41 _jjUj 1I jj (_£ _jkl Ac. j.y ^З 
jjjl Llaj^. (jkljji Lajic. .^1 JCJ jl j$]l ]ajjajj]l (JLlxJjjL a-JJ—ai] (jaLaa. a 'Lic. 
SaL ^ ^jLj]! Jajill jSjj JMutually coherent) Jjliij jai ^^lc. jVft.nl л\л 

35 .(PhotOresist) LL Jjja SjaLjj SjLa ja (Jj3j «.Lic. ^ JjaaliU (JjUaj JJjLjiL JU-all 
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jn ЛС -Ijj tA-iiljS! SjLaS! e-Luic. ^Э Ajj! jJ-q Ja j)La4 (j-o A jL-o qj$lu c jj^JalJ! jxj 
oJLaIS jLui^iVI (JaLla jA n j 6 j jjIS ^ jaI! (JjJal! jA 'h l** — sin(-) Ja jJ*i*n\! 

L*-uj! j VLaxjjoj! Ajjiil! &i& CIiIaxjjuj! . jjj-oj^J! ^xJalij Ajj! j 0 j tAjJjjJal! AxjLaaI! 

jjaJjxji . ,j25x *jU ojl dllc-^Uaj Ajs!jOj]jA JjJ^. d\5 u*l ^X-lL-sajS J-C-l u-oll ^Э 

4ijij-a -J Jjj i ( jnj-eLxj-a) jjJJjA Ajoiij cjk! jll! S-ia*J <juiij Д -iJ jx>il! AxjLaaS! ojLU! c-LuiC. 
j-o Jj£! A я S-iLLaJ 1дДи Jj£! JaLaj! jjj£j j^-oJ »(P0Sts) ^SLxuJI ^ya jLxjV! AjjLj 

^j^. ^Jj! jj^jJ jjc. c!jIja3 .<xj\jja djl j-o SjC. A n» 1! jiajjxjj j! jjjjjjjl jjJAj^. 

A^jjj ajujj (l_j. 5.20 JLjll) ^IxjVI ajj^Ij <jjj Ujjj (1.5.20 (J^-uJl) lg ^Jaiill ^lc. 

SjjAl! 37,36 . L_lSaj (jjJAJJ ^Jajuil jJ Ajjlijj! <S! j! <jJajx-UI jSallAS! <S! jl Jxj Clu3jj jSjL 
jjaJjxjS! CIjI jJvn jLd! Jj iLnjuij <xjjjui AjIaC. Lgjl JiLi^SaSI a-l^J AuuiLuiVI 

^Lii^lJ l-ii^. AuL^Lq AijjSnl! cJa jl (j jj 6 jUjlaSI ! Ja j-o . jjli j ^ksi) ^э jjjdjS! j 
jll! j! jaSI jj^ c_j j^-j ^ tAjlijSI ajgj AilxjAl! AjuiLuiVI AjjjuiSI j-<^j .4-i^.liiV! ^LtJl 
jLu£jl C1 j!>LqLx-Q L_lSlxS! ^Э Lg_lj CC'JjjgSS A-ulLul^. dj!jAjSjJ 6 JjuiL-C 1 g SiJaVi ^jLaJ 
Cj iljjL c-Luli! Ja. 1 j-o Aj jjJaC-V dj^Luaj-o L-fll ^ib L^-aJj ^£jjjjJaSI (j -0 4 6 jjxauO 


.4_aIj S jjSa^A djliLLaj Cljli Ajjjjji 



jjj! JLoj^! t_i 


t-p V V V 


Ajj^. sj>-a (ш) .(Nature Publishing Group. <> >Ь 36 £a>il <>) .ACU* 

a jia. 4 sjaL jjfr Lu j— a ajjjl. aJLa J aJju jLuVI A_uiLi AjjjJ ALjJJ >jjj£ 1I ^иьа 

. (4_uLuu£ll AJj juSfl Aj» aaj > jjL 37 Jj^juJI >) Lu j—a 
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Jl 1 C' 1<иК"и j Lliijl! 2_ilx-aj]l djlilijj (^jjl! j* jLl iic. Lc^jl cilljA 

Afijji^. Jjjj!>Luj djli ^jjl! tj- 0 liji^ l^jj oj^i-ojj jj^. ^j^sl !jL1a 3 ,A_ij jj ja djl jjL 
j^AJ .Сл 1 И 1 J ^Ljl! jjallajl! jjj IaIj IjjlaiJ liUaj jifi j! ^xiijJJ ^ljj djljj I g'iqu-ij 


(jjalL jl! j jljll l-jjjoijJ! A_ijii (JLo*llujl_j (Chiral) 4_il! jj£ a^u j li^A ^lilxua! 
cjjajjxl! j-Q Aiii^. Яс -jajxa ^ .( Glancing angle deposition (GLAD) technique) 

jl_x_jN/l Aj£U CjKu-;, CjI jil AjLxj CIjIc. ja^a cCc. ja jijjjjill lii! JC. jjj! jUfJ j j^. 

Vj VI ^lxl! jrljjVI ji <c. Juill jij^J AijjU! йСД j| £a J A_Ual_JJC.| (^jj Cjli 

Cjli ^gjjll cl)- 0 (_£jx! jj! j!) CIjU. jaI! aJV-U (_^ij <jIj£ ^Э oCjLq <ijjla ja Jj Lgi! 

4 ^ . cIxjV I Am^Li Д -ij jj ji Aj j jL a£j_uj (JV c ( l_j jjxJ! 


^iJaViH AJsa-uI^j A-U jj j£ lj! jjL 4.20 

Photonic crystals by self-assembly 

-LxiAiill jA AjJjM! Ьа! jc. jLL! cjAaj (Jj*j (jill (jj! j*J!j Sjf^l! CjIj. w'ill jl 
LLij djbjliA ^ jkil! j^-<uU! jA c’ Jg-s cIxjVI jjbLjl! LijAVill cIxjVI (^iliiil! 
Л )VV ill L__li!_x. .J_iJjJj3 CllljjL I g ix-oj J.aiu>i \\ (_£«1а]| JJjjJa J_jjja CIjK uii Lila-k-a' V 

lijjJa jilil! (XJA V'ill (JIaj ; 3.20 ^uuill ШаЭ jj j_£iill jij jj jil! Ajjlij Алэ! jC. jl j^J! 

^gjj dili cIxjV! ^LL^Li Я -ijjC cjKuV) c 2 jil U'Ka liLK'iu,! Ail JK'uJ jja, jkl !}lfij 
cc-Ljfll cjljJ (^Lil! (Jj_jiUI jljj!) (jilil! (X ja V'JI А- 1 ^ 1 "^а 11 Cj|j j£a 1 ! .c__Lijxjl! S-im 

LjliL ^lvii" (jfc j — cjLuiLi oic. cjli ^jAx-a'lll JjjLu, fLuV j! cjllijx. LfiJ t j! — 

allc. -IW'Y! 42 .Ajjil£j V Cj!^c.lij jjc. ((JAaI! JJjjJa A_Lja tljllc.) Lifuj 'jji jjuiA A_nj 
(X jaViII AjIaC- L_fljxi (jil! Cjl_A jIxaII jV e-Ljjl! CjLnl Cjl jfAA A_Lajuj! jj Ajjl^jll A_mll 

< fljLlaj j! cA_m,jljJjIa i fljLlaj (J^juj (_g-lc. e-Ljjl! Cjljjl ^Э jfAjjl! ALLuj ^Lual (jllil! 

^g, V aLIic ja jjj jjl jj aIU. ^э Lillc. Afjl^jl! Afjjl! cjjl£ LaIj .^c-LjuiII j! (J^j',11 ^^э 

J! t^xi (JA tjCjjj tC_JjJxl! jja 3 j J^i cjf - 0 Sjjjfuil! aifi jK б((С 11 с (jA Lflj 3 j!) 
A_mlj (JA J .^lil! (XJaV'iI! A aLi'i! JJC. A j'K'j j^AJ LaA jK! IffijJ AfjjA (^jj jlj£j 
1 ~ч c, JA Afiiil! осд j a (jilil! ^xfAfjl! (^э 4 L-oLIaII AfjljjAl! 4 « jl-ill j» Vi iAfAA! jj^! 
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iUvL AjIUII 4_i>.\jjV!j 4_Uaia_iAi! 4 qKMI jjAi 


jUail) 2 _uj) Jj) ^UjUU )JC.)j 
. /jJJ-UjLujl 


CllLol^jy I ->1аж xi j 45 . £ La-N I ^sllc. ^Э L-a jj^jlL. ^^gJ Jj jjI ^jl Lll £_lA^jl! 

cMjj 4 jAjJaii ^jil! AjjJ^JI ^^jjIL l_j\ >C.VI jA й JjoiIja ^ J-^La j-aJI ILa jc. Lj\_ujlj.iil 

4jj^L 3! ^lj tDNA Ljll AdjjkJI ^^jJI tAijJall <jj\jj 1I Ajjjjjlll LjLkl! AjjoiC-I 

«jO ^*,jA>l\l ^ajg <\a ^Jjjj jJ tdllL. ^ jic. o^c. Л1л (jja. J • djLijjjjll Ajc.Lj1IjI 
^j! jii djLojjj djl i l_jjjjj 1I АлИс- aJ jil cAjjj^. V 4 a)ViI Sjc. cjAdoi 

j-QjJajj 44 .Ajjj£Ia1! j (Mesoscopic) AjjjIoj jji-LI J) 4 jjj j>J! (jjjjliAl! о-° LgjLuiLii 


(!) *Cj5^ AjjjJjill CjIjjIjII ^Lilajua! L^-ILaxJ-uiI lIijjI ^jill ^jilil! J*>MI (jjljia 

jjlii (uj) 45 t(Block-co-polymer) a£jLLa aJj£ lLI jajIjj <1Ll jjU! 

4< ^cjjUII djjjojil AjjL^.1 (J£jdll <jjj£ jjc.j ^jj^) 4jjjc* dj\ au *i> 

j^ c. L\»MI Яа^^а11 lLHjJJI JjLLq (Template-directed) c_jllliL 4 _^.ja ^-Lilxua! 
jc. с" i,wVi dn^ t jjjjj^-VI jnjj\lLI Jc -Ll La j£ji 4 7.4 jjjx 1! dj\_Ajjoi>JI 
.LjIIaII олл lLLHaIj ^ j^lLI jLiil 4 _ILa! \ 4,п<Аж \l lLVLjVIj djVLjV! 


AjjjS LiLjjc j - 5 djji JjLlui : LjVL jVI 1 . 4.20 


Opals: crystalline lattices of spherical colloids 


С_\ЗД! LS^" J j^- 51 - 0 djl j ojjxj-a dj\ Ajui> ^J) ajlc. djLjjxi! JLdj 

j -0 jj jxl! lIia! j й JAJ-UIA j j£-> jUa£j • U^! J j J j£a ^J) dj! jio jjL Ял -UaJ jA JI>a\I 
Lliiujji! 4jj_x! CiLjjC. \ g djLjjxl! jA oj3j ^-Lila-ua! jHoVL jN! ^fu^al 4 l!j! jiuil! 

\ g »J-Q> tL^-aJajo) ^Jc. Lj\,jA t N 4 j па\ 1 ulWuil j c \ g K di j luLaUoijJ! ^гаа, l^_i£ j j£j 
Ajjjii! dj\.Aju)> \l 4 \ j-°j jie luAajc.! c jali. 4ua.jjj 4 ^ 5 ^.1-2% j-o jJa 4uLjiiA 
й ^C. j jla 4 Cllli. J jiic. jC- (J Ла l5-1c. J • djJjoji! 4-ULx.N I djL j jxi! j-o H-a \ g 
j ja j AjjjJaC lj! jajIjj jAjjjj 4 q\"A a j\ ja j-o Ajjj£ ljL j jC. JjI jjl AjjLaj^ ujLj! j>.I 

Ajjjii! ljLjjxI! Я1э! jlol! 4_niL>. jj^VI djLiuii! (J jjk) .Ajj-UaC. V 4 j^jaI jjaj 



j-o 4_^lLi с** uj.nl 4 Ag 4 qjJo j л LLaj AjjjL CjI£jjoi !с£л js! jj ^qjoj 52 .((Opals) 
(jjAj^JI (_£Ла]| (JjjJall l_jjjjj]I j-o Ljajl j^]j c^Jjj^]! ClAjjjxJ] Ajj^aII o jL&! 1 
LLjia]! Jiaj ClaVLjl 4 jjj£ Cj3\jjjitJ ^jlill jaVIII jl jIjj c^ijl^J! . Cll^uil' 

55 .4jj jj jill CjIjjUI Я -o^jLo JJ^VI 

<jj|_^.VI Ajjj^]I CjjljjjitJI ojjLJ <alii-A]l (jjljla]l j-o jjj*JI jjajC. (jj^, lil 
Clllj LllVbjl J jile i(_^aLa. Jj tl^ie JjJjJI ' .Ajlbjl e " 'I £ j ■ и J i " n .У'" 

jjjLIj (Sedimentation) j-jjjjijjII JIoj t!>i!L»a .cJjjxjII Ijuu'i SjjjS 

57 .500 nm (jc. Jjjj jUaab AjjjS CjLijjC. ojjIjI AjiSLoj SJaJjoiJ AijjJa AjjjLaJI 
ULlxjj <iajji3l aj1L*JI ajjj^II CjLjjjiJI jjj jSLjJI ^jL jjjll jaljj]l djLclij Cj]«jjjI 

jjlSLdjjj 4_^,j]l <jjSjj Jjxjj j! 4jjSjj J j 5 > djljjL dj\jjjie]l йЛД aj]ajj] LxjjIj 
Jia) Aj IL^JI 4j jxjoJ! (J ji]l CjliAXJ-ujl t (_£ j^.1 j)-o . Cjj!_li!a]l j)A CjllUI ^Jj (Jj-aj 

с1з1£1-<иа1 с1з! i CjjVbjl Jj] Jj] Aijia <llia AjaI1]I L_JjLjI ^ c(l_JjAa 1I jl-£i (j-Q <Jbllj]l tiilj 

<xjLq Ajlk (JLaxJjoiI ^^Jc. IxjLuj VLaxJjujI 1 g 1 а» “ uu j ^ji]| Ajj! JJ^V! J-QJjoj 59 .!^ Д -La j u >»a 


4 jji]l ji-o^ll 


gjill (6.20 (J^Ll!) (Microfluidic) AjjjfLiA 


^Jj (Jj-aj Cj 3 l£l_AjaiJ jLxjV! AiijLi 4 _J\jj! a£j-uj Ajjj£ IjIj jjC. ajjlJ j-£a^]l (j 3 Jjj 

60 65 Q)UII j* CjIIa оЛС. 

(J^ xii II £Jja jDaj jt/i\i AjxjLaj j*JaIV I AjllJI С* \я u-o cA-i^ij-ji AjjIjsJ ^Э 

jjj (jjLal jjLio pLlo (j-o ^x-Laja-o j! LiJ j-la a jaIiia ojLD (JuSj s-Luic. ^Э ]i.auj 

jjjjj^jl! j (Gasket) AjIl^J! jjj ojjxa-a л_пз! ^ н^> Я] j^-uj j^-aj . (jj\)y L^. j jiijj^j 

IjsIjo jjjJ (JLaxIuAj c jLi-Q : Jjj j^jaII Длз! jc.jjj 11 ! (jj jial! j-o cic. (JLaxIujLj jjjj 2 kU.j]| 

JJC. A-lisl _li]jj] (jjia (jjj Axiali jjLi-DI c-LaiC. ^ ‘ig л Ja Ai^n jl 4 (juj jL»*s Cljli J_iJjjla 

IgjjjL c.^ )-nj ^ji]! (jA ji-ual IjIjjjxj jjLiAll £■ LoiC. s-jLLaJ jl $<iL^Jl 

i-illJ! ^ Ajjj^I! cjjLijjxil (Aqueous dispersion) ^LaI! c' minl l jLa. j^Aj 65 .a_LiJI 

С1з jViaII (з ШШ Jl j^. o jiaa) jJXaual! i__J5j]Ij (jouaLA j C_J jjll 4 La* ч\ jJ 

^ Ajjajfl J^aC- (j-° J^l lAjliaS! ^l IjIjj jxJI jj£jj j^AJ . \ jlx.ll 4_i^.L^.jl! ojj^jll 
. cIxjV I Ajj jLi Aj]\j j! a£j-uj l^jjjLj ajxjLq j j 5 Lia]V I AjIiJ! (JLojI 4 j 1^11 jLaaj 
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CjLjjC' ja AjIIjjI ljLLujj (jb ^JajlLuia A-JuLajj£j-a Aj'-Ll ^AAua jj 6.20 JiLall 

. (ILiL-j ljLjjS j| (jJjjLjjl jj CjLm^ ljLuu]| AjJIaI AjjjS 

Clal q\» a) Clilujj]l AjjL^I Ajjj^II djLjjiJI c** \я a~n cAjjIj^V! oLfc (JLajtllujL 

S^Cr ja clL^Luia ^ ajJLjI uKu-;, Liijjj IxjaVI (ISJui cjL n*\ j ajjju! jj (Ja£jV 
.(JAaII (JjjL L-iujjj t-laJjJa]! a-lia. a£La-uij i AjuijI VL 4jm c'* j <xjja llI j'iajuui 
lLHjLJ! j! (_£jj-aj]| ^jj^ll A_ui! j^j ^ jju£JV I ^cjuLJI Ajj^ *s a 4_uj! j^ j-o (J£ diL 

AjjjL ^-Ljuj! £-a c4_u^a! jja 4 j л£иа 4_iij Clljjl <jjLLa]I оСЛ (JLixJjoiL 4 x U-^iaII AjILjVI 

Я -jjg y ajjj-a 1.7.20 (J£lJ! (JLU » jjAC.Ic]l jjjjj£j]| 4-g_^,jA (111) 

220 Ia jLa jj jj u j' jj LjLjj^. j-° CjjjL A_i2ki jju AjILj! 4 m I (SEM) ^jjj^]! ^jaa 
Joa'i j- 0 L j! ^^_]с Luaj! Aj]LjV! aSh'III oc^J AjjJajxJ! ^JalL<J! ujc£! ,nm 
L_jjl_^. ^Jj l'nnl i\ jL.jaj .0 jj£j]| ^Jajoi (_£Cjax_II oLajV! (J jia ^^Jc “ABC” 

(100) ajjjL ljL jjjoia lu!J tAJLj! c’ JS ^yuAI (jjiJ c^.i Culc ja-na 

Aal'l'S A (JJjjluJaj LulJ (jJJ (j3j ALj^l (jjjL j^ (j jj^jl! ^JajuJ Jjj! JA 4_g_^.JA 

<3jLua jjj.Uu.nl jj ulni^ LJjkj £_1л^э (JLa LSg I SEM ojjj-a LJ.7.20 (JS uill jLU 
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i_a.l jU ^ ^-LiLq V jiuU aJLaIa (Pyramidal pits) <jaj& jia. j* cLxj^! AjjUj 
4 _iAjgi! jq^Ul AjjLai! ilxjji jj^jll За u^i\! AjjLLaII алд ^Laj ^-IjLq jl^ cil .( 100 ) Si 

л 

.Ajjjil! CjbjjiJ! jiaa jjUalll \g '\\\ Cj! jC.Ljllj <xjja1! 



Ljjjk jLuV! jj^U JLj! ^j£ja11 jjj^Jj-jj jjIlLU ^jjjSJ! Ajj^ y a jy^ 7.20 J^uJ! 

0*0' >* (100) J (111) 0£Е>Л O^jUja WJ t^jjjAjJjj UjLuj^ jA La^jjjL 
WILEY-VCH Verlag c>> jjU 63 j-^ja1! o*) .<ji!jil! 4 (jjUc>!a1! ^jjj jj£ jl! 

.(AjIjjaV! AUbjuil! SuxaaJ! jiL 466 jajaI! j iGmbH & Co. 


.4_Эл£-о Д -uj! jJ (Ujjj-Aj Ujlaj) CjVUjjU Ajj Jj jil! CjliUajl! ^jj dlujjJ jil 

U- 4 ^ 1 ! *■ LjjII ^Uac-V UU^Lq (JjU ^ jU! ^aLoiI! (jjjliiil! c_jjjij]! jl Lqjac. JjjLJ! 

JLaXJ-uj! I. 1~4J 4<lLai! fijA ^^Э . jLxJ^I Ajj!>Ij AjjjL A£jjoJ A Ag a\! CjUuaJ! j-Q jjjxll 


^лс. cilb j c(Plane Wave Expansion Method-PWEM) AjjIolU! Ял. jU! jUj Abjia 

^! j^.! ^ic. ^jUj^U! L^Jjc. cjj! jj ^jjiUj ^jil! cLxjVI a_i£)Ij1! a a)ViVI ^i 1 gij^LU-a 
<jjjoi^-q Ajjjjjil! CjliUajll Ajjj 1.8*20 cJS j'ill j)JJJ .( j-aU-alAV! AyjY)) ojjj£ 4 jlj V‘i 


jA j cAjjj^ CjUjjxl Аа. jl! j^jAJA 4 jx£-q a£j-uj <1U. ^Э (PWEM AiLjla jLAxIluiU) 
Cj! j^3 <J-uj j-o СЛС. -1а^Э (jlLjA .LaU jUai oj^3 ^W'Uj V iaJjujll ^Uaill !U j! jiJJ 


La 4^JU_1! oLa 70 .^ии! ^a-ujjl! ^ic. jj^g u.n l^jlj jUoj 4 ( cjliLUj j!) jUaj 
aIUIIula 1 д jjjj (jW! 4U 4 Ua'i j! w Aiaai cic. (j)UjV! jA UoU jUai ‘i j^ -э jj^. j £j*j 


(U-oLx-g (j}LU 'iiUjj ialiil! йЛА jj V ujaII j-U 4i! . ASjlill iaLiil j J jil! jialnlU 

^aji j! ^ij (j-a! jj-U! L_iijjajjl!) 74% j-o cjUjil! ^U- 0 $- j^ jjj*ii j! 4jLu£iV! 

Д -aU ajjLta-A CjliUai CjIjj (j^.V Ijja. jjj£l! (JjUuI! jxj V ijiUlAl! IjA j-o .(jj^.! 
*L2! cjLnl iajoij! Jjaj ajjj^I! cjUjjxi! j! ^a tjlli j 4<Uj ji jill cjliUail! ^^jj ^ 

. jLuV! A_JJ^Lu aUUj! CjlSu'I) ^ ojjlUl j! ^Cjjuiil! AjjLa.! CjUiC. \giL-oj £-Llaj-j2yLl 
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j-a <C j]l 4 j j*j A£jjoi <11^. ^^Э Лх-л11 (jUaj jjj\j 3 Я] jg x*ij j£-oJ 

. l^jjjuA^xjt jl l^Jliiil c. <>jJ-i (jxi labUajl 4 jjj£ CIjIj JJC. 



CjLjjC jj» 4 J jSj jbuVI AjjMj AjjLjl 4Лц*А Ajjjj^j Ajjjjjilj LjliUalll AjL (I) 8.20 jLulll 
jj) .dJlSSIj ^jjIjII jjSUaLI <jjj ±u2 (jUal Jai£ ^Uflill |JA j Ajj .3.0 IAjLui^II JjLjj AjjjS 

JliWI ILb (*) (WILEY-VCH Venlog GmbH & Co. c> й*У 70 

4 _acUII ljLuUI ljjuj . jjjjlualjj ljLjj^ j)j Ac-jluaj AjJLjI АЛ uiu jj jblajjjJI 4 jajI£juV! J 
.AjjxII ^yilaJI j ^UV! ^jjaJajji! jj IxaIj JjjjUI f jLall JLI Jj jA (jjjjjflil ^Jc 


(jj ^LxjV! Ajj!>Ij <jjjc SjjL (j-o I^l! (jjaUa l.j.8.20 cJ^-Ll! jjjj 

Ajjujl^xj^ I j Jl£jYl ^ 4 h-sbLUI (jjilt t jJ^ ILUaJ (jjUaJJ . jjjjlujj ] jj CjI ni^ 

(ljjjxJ! 5ili& (jiali^j!) AjIUJ! <jc jli! ^^Ac (Jaj Uu ioAjaJ! ^э j! jUt $.! jjj 

U-aU_A 3 -iujjXqj A^JjuAI dljljj (j-o ( Лх^ -iil (jUaj j!) ojjU! £Bja ljLul^. j^-oJ .AjjxJI 

^UjVI JbjVI CjI£J j £_* j 64 .Bragg £4 jj 1 Jjjfli! aJ^Lu (JUjlLujIj jLo£jV! 

U^-iujj \ J-ijuj ^aUaj jjaj ^aUjj 1 g 'l^lj ti_xa\j (jUaj LlA j^3 c4Uj V 4 jjj£]I LjjUjjiJ! joa 

LjKuUl £| jj! jjaxU JjjjJjil! LljliUaj]! Lj\ 3-а)аЧх>\ (JjjL -л JJjuj eljaA ^jjj t ju jiVJl 

.jLuVl ^^Ul! 
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Aiuale AjjIjA (jj AjjJj CjK ul : 4 jjm£x 1 ' (JjVbjVl 2 . 4.20 

Inverse opals: crystalline lattices of interconnected air balls 


ja aJLj! a£jjoi ja j£a AaaLuiaII jI ja]| (j! a \ upjaJI ciA_uj! j-ii! d±a.jl3! 

(JaLx-a dj!L Lg_iiJ LalS Я1х-£з!1а Aiji-OA ^Э Д_Ю1 jwwj 1 g 'nj Laj3 <L-a!iA A_ill jA dlLjS 

l \j 7 ^ jl jil! cjliLLaj]! A-ili 1 _aIj *j j^ -э jjSl (j.ijl j^AJ (jj^! jLai£j! 
j)A JI>a]| jAu Ja 4_iL-a]! Ai jSj-aAl] ^ А-ч^кИ £ jaJI Li u^i 3*4 J c^jjJji]! (J jx-Ia]! <I1a! 

AjaLaa IjSa ^Ijj ^£аа 1! j)A (jl£ t3.20 ^oiil! ^ ^jJa ja jA La£ .30% Л 20% 

(Jjaj L_flj^J! I ЛА jjidi (jl £a cAjjjiijl! Я -jj j'NjaII Lii! JC. jJj]]I CjLijij JJC. <ii!a <ijia 

(j ji j! ^jja]! £ j xU-a\\ ^ja]! (J jia]! ja <a-ui1] ^ jaJ! (JjL£]! Ч- 3 ] Ц^! £-a Ldaj 

AjaLuia]! (_gj2! оЛД (Jja (jjj£l ^La! Ida. ^-^JLxa]! Cjljjx-ua Cllxjjaj cii]J£j .^auuiliJ! 

CllLijil ^^Э l_£J jajuia!! (jlL jC. <alidA j! ja (jA j! C djlilla 1 0 (з -L- d jj ^LjuJ 

ajjjS diLjjiJ ajILj! dilajd -а ^Jc. Ajljill jijJ tjjLLJLj . Aj^jVaJ! (Jjj^jaI! j*u>»M 1 
djLuiLii dj!J Яа -uJ <jLua]! j! ja]! ^ja~ 4 j)A AjaLula]! (jd]l оЛД (Jja ^duaj] *jjc.!j Ljjla 

72 .30 ПШ ^! J^. ^gj) VjJL <JajjdaA 


^xj .оЛД J_Jji]| Jjjj jla ^Э (JLaxJjuiV! AxjLuj 4_ijljaJ L1 t\a 9.20 (jSdJ! (jJJJ 

djld! jil! jjA I А~ч>к 26% J! ja. d]LiA t^jjj£ diLjjc. j)A ^uualjjA <jx£a a *\ uj 

(jjL (J£di сз - ^) ojLa (LK j! Ljja.) L^_i3 (JxJxjj j! jS^j ^jiil 4-^jdJI (Jdlj 

dAjjjxJ! (Jj^. <jL-a Aijai^iA (jjj£jl (JjjjC. dilalxA A ng \ tdi]J£ Cj! ;(JjLui j! (jjlc. 
<Lj!>Ij ajaLuia о^1а (jjjKj j! AjjLLii! <j!LJ jjc.) i__j]lal] AjjliiijV! aJ! jVI dljjj .ajjjSI! 
Laj 3 ALudiAj A а)оУ)а AjjIjA CjLj^ (jA L_Jjjjj]l AjIIc. AjjuidiA A_nj ^^Jc. Ajjl^k a jlxjLfl 
La Lilc. t JLjl A_m] Aaaja A_nj AjaLuia]! j ja]I a-l^J jl£ La]j .jjjxu-a "i^lji" JJC- lg } 
tL_j]la]L 4_a.jAl! ^LilauuaV! ! La ^ .(Inverse opal) ^ ^с. JLj! ^umL Ldaj! L^jI) jLuj 
j ja ja jdjjc. ^! jj! LgJja. (jjSjj ( Scaffold) ^Jlix n S Д-]а!ииш JLjV! 4^_ul jAx'ud 

L-iiijj jlSAL/L 'dV A_iijjj3 dj! jjL Д-С.1 u-a! t j-ald 4_a. jJ i<j!da. iLjla]! оЛА .(J jd! 
( L_JjuiLa J^-j (_g-L. tdiljjAJjSjA оЛС. ^) di! jjA jjLi! djljdc. 

йЛД ^^Э L ujj AxijjA jLulSj! diX^LxA djli <C.jI1a .JjA (jlAdaj ^Jj^uuJ (j^AJj 

. A_d! ja.VI 
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UiLjjc. ДЛ jj 




лЛ ^, AijL^ ^ jj , AS >\ j & ejS 

jbuSn 4-ubU A ji ,Лс. diVbj) Ji jj ,ji]| AjjjjajJI AjjI ja.bU ^uuia jj lalai д 9.20 JSjjJI 

jj| .AjjjC lJI jili AjjI&uI AJIJL AC- jjju iAjjjS jjbjjiJ AjJLjI LjISjjj i# jS AuIjilL 

(WILEY-VCH Yerlag GmbH & Co. <> jjL 46 

fijlulL cJIjjVI a£ju jiJ J Cilc.1 jill c. JjJ CjLul j^jll ju JX jLuj J j^. 

•• e ^ ,, 74 — 80 •* 

(jji AjuiuVl-J Igj*'* 1 (j^-eJ Aijbudll CIiIjaJjj]! 1_л .4jjC.ja31 4_ijLiiaj]! 

c LLuJ CllL 1 l)aj]l йЛА jLJ 1 4_il .H jl ja bj'j- jl 4 s ~v. i иО s s\ l 

(Jj3 La ja Jallj 4_*_»JaJ j^iilaj Xi£> 8 ^.(1% ja (Js! ^ a j^]l 1 g jiaLia-il 

<j]\_jjVI 4,^ u'lill ^^3 cljbb! jil! ^ILgIluj c4_i]1_jj! 4^ Uti L-Sjja. (Jjla ^Jc. I-4A jj>u]jj]! 

j£aj t4l3lyJI Я -jjjJax]! Cj! j-u] jjI! (Jj3 1_л £a 4JjLaa]Ij 83 .^(_£jxjoi (JxlJ LaJj^j^ LjjLiL 

(J jt/i^ II jjjj c__fljjoij с4_Аах]! o 3^J LjJaj! Axuxj jl (jjL (sol-gel) — (jl*uG (JjU-a] 

i__flbLlkV! 83 .(_$jLll ^_ijL£jj ^jLJ! (Jkul! ^jc. 4 _ijcja 3! dilj j£a3L Aj£ja! jjjuj SjU Jc. 

. L__iL-a]! jj^jjl! ^Jj jJa_JL 1за. ззаа ь jLc. jA Ua (Jja. — (JjjuJ! (JjU -л jl ja jjiLaV! 

4_ia£ jL ^зУ! (J jla-xJL (JaUIL Ss.j1aa 4jjj£I! diLjjxJl j)* jJa diLc.1 ji31 jl ^ 

dlLI-Ua (Jj^ol AjbU Jaia (jj£j <jl j^AJ "aJylA' — (_з1*_л" OJjjJjuj ^З 4_^j1a]1 lJjaIjJjuJ! 
j)A jjfL 4(^Иа4л]1 1U j)A . l_jj3a] 1 jjajj 3 xj Ajjj^II CjLjjxJI ^ jJa-uj 43 j3j ^Jc. 
A^jjjJl ^З CjLc-I ji]l £(Ja (J^l ja JjjL]l (Jjla -л]! jA аЗЗхИл CjLiU^j f.\ ja.j (JjjjuJa ]l 

JLjVI jC. L-la jC- 4 j^ja! jJjuj £3lj3 ^gJc. 1 iL«a^ .Y]j .J-ISIL JL 4 VI AJSiail ajjjLII 

CjLc! ji3l ^(Ja j^AJ 64_ujlau-<Jl (Jj]Ua31 ^Jj AiLjaVL 84 . ^guL^-j]! ^tVaI! ^З ^uuiSxJI 
CliLjjxJ! ja jfts j jxj-al ,>^L CliLujoia. ja CliLalxAJ 0 jjuiLa AULjVI A^ujI! (Ja.lj 
ja ^ fL. j w 4-x^a! jja A-iix-a A3j2_uuia jj^u cl__l1Jua]I _Lj_uj]I >il 87 " 89 .ajjj£1I 

Jl (Ғе 2 Оз^ ТЮ 2 , Si0 2 , CdSe, Ag, Au Jl.) aIj- 11 jua. tLuLul .AjjjLll c_ 1 Uuu 7 .l l 

J>* ■ra^ll AaJLxuJ! сЗД ^З 1 g 'ijAu j^AJ (_>JiLi3l AjjjL CIiLaj-ui^. ] g ‘iL«aj L^JaJLx-o (j^-oli 
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п •• •VvVv'v'vV'.*» — 2 цт 


Ujxjjja 4 Ji ,Л& CjVbjV (jjJAJjAi (jjillai JjjjJI ^иьа 4uj$ J - jjjd 10-20 JSniil 
jajJjj Jl JjajLj J ■ -a' Л1 AjujVIj ^bjajjU Jjli JjLui jjjjafr jjuLjj Jjli La 

j j.;" 1 "j'j. 1 " jjl jjja Lulsjjl iliLjl . jjj jjjjjlJ jj Cjl jjja- j-a jlilLxu C jjLjjLLtn LjjbjSVI 

5jj£ jjl jjljLL jjjjjjdl jjjl^J (100)j (111) jJJJJuiJI A-iajj 

.(Aj£jjjV! 4-uLujjil А-Д даЛ ju jjL 66 XijJI jj) AjC-ILI 


ClL>Li-jajj]l i д\ . -дй! j jjLx-o ‘-JJuijjI J ul 1 * j£ j jj_^]I (jjl jia]l 'l-JjjI c ' 'Q LSj . ..I 
JLj*!DUI -_JJj— jj]I JIaxLjI ajbLjjj jA]j£ (jlajC. t jj -чЗ ,jj]ljjl A A J llc.1 jj (jLlj 
c I jlla j . jjj^L]! j l_jA л!1 j A j (jU *s \W j (JfLiU! 4_з j j^Lo ^»Luia Cj! L j! j-o Ui] jj] 

(JjJjJJ jJjl£jJ -0 -3 jA ЬЛ')Л) 1£jU C1jLj£ jlxul 6<J^L Jj&j <Lj! JjJ ^ 

(jjLtj tCllj и«_з j^. .<JL j! CjI£jCu cJ^ ‘(3-MPTMS) u^Liuj 

Ajjjxl! l£Aail! аЛЛ IiiuL (cj! jlo jjL 4xuJaJ (j-o LbjUa^!^ L-lAj]! j-o Ajjjlj CjI л\кА\у 

? ; js 

L_JJjuJJJ jlaj^ ^Э L-lllil! JuiaC. J JJ^.! J . (J ji]]! Ц-О |X-0 (j!jfj! Cjjlc-lij 4 Ь J JJ 

j .i^J • cIajV I Ajj jLil! ajILjV 1 aIjUJ! йЬд ljIc.!j 3 (J^.L j^x* cLjU (^Uj^j/ 

l_iiujjj]] 4jjLx-o CjLix-a j c j^.j oCj^J! LjLLU! oLa ^x-q <аэ! jiL! lj! jj-L! 
(Braun) jj!jj ^ji! ^LiUajJ ^j .u1j!_iui]!j jclxAl! j^>! ^jLj^£jU! 

S jLolio ^L^jj^ L-iijjjj CdSej CdS j-° ^jVLj! (Wiltzius) (J^jjjjLjj 

89 ~ 90 .ЯЛЬ_ДЛ AlJJI oLbl ji ijj ei*l 

ocLoj jajjjj AjILj! a£jjoi jiL ljIc! jil! £(J* jl^-o! ls^) ljLui!jc jjjoii 

^ juiSc. CdSe ^VLj! ^-Llaj-a! jja. t^lj -оЭ .(J jlA J! jjJa]! ^Э jcL j-o A \\ Vi^ <Дх-а 
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(Chemical Vapor Deposition - jhkjil i—ujjjISI Jc. Jj Jjj' jL JLaxloilj 

<■ л\ j-aj' jal j £■ jjj qa Ajin^b jr-lii/i' C-lUll CjLu:Ij.i1I o La djajla ^ * -CVD) 

t<xjlLa 4_ulj^ .Llljjj SjjjS jLu^jl clDLalx-a dllj Aj£ju jl Ajjj-jajc- ClDL-jajji 

(_£ j^j “.-ixlj (jUai S ^Aj-^aJ Lg_i3 c.** '1а*ч AjijSjUi Aj-ui^C. CIjVIjj! с *’ \я iUi^l 
4 jjj5La ^Э Ajju£x]I CIjVUjV! (^Uia! J-ijxtVi j jV' (^£аа]1 ja AjI CljUjj \. x^ijl 

jj£I CjLojIjJ Cij^Ja! .4jj\jjj3 Яд_1з1 jJC. ^lc-lij ^jjj! JJaV'i ^Jajoiljj L_flJjxUI S.lia. 
(J jjO (J ja. (Jj-a jaII С UjV i l_JJjujjj ^lc. ^ijjj£]V! ^uolaII Я -jjg a A-LsjujI jJ 4jl.la. 

<ajjla йЛА Л-а j -лС. 94 .(JaI£11j С1з1с.1 jill £.!>Ija! ^jla. <iiLall jL <ija]| c_j jLujI-J (J jj£ 

s= f 

CjIij jj&bU LiiUjJ Cljjjla ^ji]! (J jlA Jl jjla]l (JjljJ (Ja jjAxJI £a (JUbxIlujlJ <а2)1а 
^ gJc« A я » ja jJa]I SjIaB (jl J^jjla]| oC^J 4 3-a uja]! ojjj£]| (J£Luia]I (j.laJ ^.4 jjj5Lia]! 
Cllljlaa-I! (Jjljl diUjja. ^LaI (JA^aII AjujJ jl j£aj Я -Jbjl A n» I ^^^-ajLaJI ^Ja-uJ! 

A nx II jj£j 1 аЛ1с. cLuajj-^aaj) (juiL^JA JJC> ^LuiC. jjj£j ^JI Ajl_g_JI ^Э (Jjjjj AilajU! 

. ( J ^ t t п 

оЛ\а ja ^jh/i^ ^uui^C. (JLjV A-iijJjA]! ClililJa'JI 4 _i1j 1.1 1.20 (J^-uJ! (jJJJ 

70 

(jjj J-a1j (jLLai 6 j^3 Cja.j (_gJc. JaJa4 a\I ILa (Jaj .3.0 ^lj^. jLui^j! (JaLla Cj! 1 
Cjjajia! .(jljJjJ <а!а1л (JaI£ jj3 ■V'aj (Д JaJa*4 a\I A AJaixJl) ^u-ulUlj (jALJ! jjSlJai]! 
liUai e^ic. (_£ ji (jU! jL-AiV! (JaLla (jjliil] ЛаЛ (jl A-iJjjujLa, al£La-A 

(JLaxJjujU c-jIUja]! ILa (jjkaj (jl^AVU (jjfLiui .2.8 jA ^ ),Лс (JLj! (_ 5 ^ UoU IjjlaaA 
j! Ge j! Si ) II- VI j! IV ja j]l jA d2yLuajA]l «. aU-aj! (Jja ^jj-uiaxJ! л! ja]| jA ллс. 

(jUJa c-j. 11.20 (J£jL]I (jUj .(а-ҒегОз) Дзл^З! aiujI£!j ^ТЮг) Цй j jJI J 4 (CdSe 
tAm II ц^з 9 ^. ciuUix-A]! jA ju/ijj ^ ^iSc (JUj! jA jji j^LU! aj-ujISx vVl j JUjiV! 

^lc- ^IS JUjV (js! ja]I cj]] 1 (jA £_ui j! (jLLai]| (ja jC. (j! ^a) Лх-а (jUai JaAs .la. jJ 
cjLc! jal! Ja jl A jq^k Л сЛл с—пхл]! Cj*j . ((jjj/ujl jj diUjia. j! ISjUi c!jUj£ 

<jsI£ (j j£j V I <^jLi]l л! jaI! <iU£ j! j 4 UjU jfL ^J 4 j j j^]l ciaU j j*]l jjj 

(jj j3 j ЛЗ c ^Ua3 . ^Ia^V ! i---lluia]l jLu£i! (JaUla ja C_JJ j3 jLuj£j! (JaLla ^Jc. j jj-aa-i] 

aIj (jU! (Anastase) jlLuiOl] AjaLaa]! A-iiU! jUjSil (JaLla a j^Uijj Vos 

97 .(~2.6) ojjlU! лаа. j]l jLluiiV! jUxiSil (JaLla ja jjj^j Ji! Яа^э w 1 .29 1.18 

Я]!иа ^Э Та^Э ^aU jjUa -л ^ijJjS (jUai] Ajjl^_i]| Д-Аи^аЛ A A^^Lq jl^AVU 4i! J^JJ 
Si (JU) &J^^ jLiiSil С1з!Яа1ла С1з!1 <U-ajA l-_aL-^ai! ja c.“ 3» ^jlll Aj-ui^xJ! CIjVUjVI 

•CVD AijjLa (JUixjjujU (Ge j! 
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jluAjl JJjl* ijjLij Ajfc J ^j, ..-ч л" ^ < nSfr JLjV Ajjjjjijl uliUajj) Ajjj (!j 11.20 JLuUI 

jj£j LaJjc- JjjLLI j jjiljJI jjllkjjl jjj Д —aLj jjUaJ J jjjj Ja . jj 4 j| ja^L’ - 1 . 0 \ 3.0 »jJ 5 
WILEY -УСН ja jib 70 j->) - 2.8 jj> jLuiSJVI Jj>Uj> ^ jU-LUI 

j-jj-a u j jSc . JLjjV jiLaujijUI AjjjISxjVIj JlijjVl liUa (i_j) .(Verlag GmbH & Co. 
■480 nm IA jJai jjjjli j'j . 1 Jjuj^ ja Ajjbjl A£jjji ^yjc- Aj^jU AjjjjUajiui ujl aju ja. Ajj Jiu 
(WILEY-YCH Verlag GmbH & Co. <> jib 96 <>) 


AjjjSV AjjjC. Lj Uj jj vI AjjjUI UjlLuiil 3 . 4.20 

Crystalline lattices of nonspherical colloidal particles 

(jLLaj Ь j^9 jjj£j ^l (jJjj (jl (j^-<J CS^ 6(_£ J^-VI AjjIaaII juKj 
оЛД ^^9 . jjjLUI A-iiu <^.jll L. \я*\л 4_iij (j-o aJLjI *K uiill jlallj 

djLUaull dilliill J ^jLill (jjsUalll (jjj Я -qU (jUai й j^9 JjiaJ jl с<1\_^_11 

<J«uii £_a (jsljjj UAj c 15.7% (^lj^. o j'vqll 3^ixij ^JI ^ а_оЭ 1 4_iudi £_a ;Д_14 Jj jill 


jjl£ ^al 4 L_fljujjU . 3.60 bjS $ jUKiVI (JaI_*_a ^ (jjliij 37 % LbjUi ^lJ-g 
4jjj£ dAjjjC. jjiil *^ c ’ C^LUVI <-lij (Jja-^^ 11 C^l-ljl J-^^kL ^l (Jjj tl.!^. С__1Лл-л]| 

oLc. l^Iij^.! Ajiuj j^. CjLjI jJ i.j,4j i Cj9 j (^i J .jI*jVI <jj^U CjKuii 

(JUjLIujIj f/ 4 Wqill jl W 4 UVill Aic. jJaLiillj jq^k aII (JlVill <11 jl (j^-AJ <il ja~n a 
CjjUjI c^lLll ^ia^jII <la-ujl jj <u*U <jjj jjj£j1 c-Uj CjLuI \g < jjj£ V ^Lm^.1 


769 





diM j ^gjlUI (juj Я -alj (jUaj 6 ^JjlaJ ^JI CjLujI^UI оЛД ^cjUi 

<alj-o (Dimeric units) Aj^ojj С1а1лл. j Ajj^II a^uUI -Llajj (J^/unj Lo-iic. Ajj jJjill A-iiU! 
(Jj-saj (j! AiUaj 6 J^ -Э Ij^A ЯИл. (_j£-oj .(!. 12.20 (J^-uJ!) (jUx-ali-o j)JJjj£ (jUjlc. j)-o 
L-jjjiijj 30% (j-o ^U-U! 4_xuii jjjjaj LoAic. 1 1 1 .2% (^gi! fij^ La**)j ^Jj 4_iuii 


J_j jj jill cjlaUajl! Ajjj L-i. 12.20 cJ^jJJ! (jJjj .1.00/3.60 (j-o jLd^VI (J-oLx-o (jJjj 

(J^jjj L^J jjj^J! ,\иЛ1 ciAjjjc. (j-o 4jii-o 4u^.jl! 4 j j£^o Aj*£-o a£j-uj 4_IL^. ^э <jjjui^-o 

70 

Ji US '".3.01 jLolijl J^ljL-e dlll <XjU A jj-jaC. V SlUl a t (jluiflll Aj^ 


Ulj I j ^ liUaj 4 ‘j ,'~'ll й^Д JLU tA-ljjJ jill , " ,1 3aj]| <a1j 4 Цаа. Л AliajJI <Jc- 
L . Д jllaJI ^_jUi I II jl i_ul_joLa. dlL_ul j _ dj j^_lal . jl jjjj <а1а1л JLlL ^il <д_Ьл jJ jS-LJ 
jA jLtjUI (^^JjU ^aUaj ll^A Д -olj (jUaj ajaJ lU jJ j a ' J, jl , j£lVI JjiU-e JjUi 

jjj£ JlC JUulIuIj U j^ , jj I ф jjiaj j^jjj tLmjj ", j j , -, Aju 3 t2.40 (^ll ja. UU 

(^» jijUitUI j VI-II c2jLkja jUI t «I -ajl j Titania UjUllll JUa) AjjjJac-!>UI il jUI ju 

. HjjUUI IjjUI JLLll j ■ " 'I ,„l Jj <jjj£ V CjUjjx^ UjJ-Iaau jUxJ I ".II ]a 



^lill j; j'l' Ua—ljj l^Lul jS-jj j-LUSn Ajjjj A£jUJ (^ajjja jj jaJaa. » ( U 12.20 JSjjtll 

tlAj-UI s.l^_! Ajjjjjill tliliUajll Ajjj (t-i) tliltjjj) AjJUI AjjjS jiLjjC, jj Aiijj jiIjjjU 
lajjja .(111) jlajVU Афд jj AjijJa jjlajj t34% ^lja, AjjjjUI fUUI jtUjjj f Jj Ajujj 

WILEY-VCH jj jiU 70 ^jUI jj) .1.00\3.01 Js. jUAjYI Jjbut J jjUUI 

(Yerlag GmbH & Co. 
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CliLoall <jjLa.t Ajjj^ V (Jl£jai! dj!L AjjjC. CjLiJjai^. jJjJa^j ^^Ljj 

jjC. j SjuuiLia]!) jj! jiall (j-a J j,W a J^C. iala lilLiA . djLi j j*J! ^ic. jjJajji 

^JJ . t-li^. 1 a^Vi l^-j ^Уза CIjLujIjSj JH^Lj Ajjj£ V CIjIjjjc^ jrLjjV ij^Li-a ^ojjoiLia]! 
jc. Ajjjj^J! ^! jij/l^ jiu-£ э! Ajc.j3 С1з!л^. j j-o Ajjj£ V CIjIjjjC. SjjjjLia]! (jjt jLJI 
JLa*11uj\j ^jjj^ jjU! аЛА Cljjjia .jaj]!j AjjjjI! CljljjjjjaiJ ^v.*i4 jjjia 

jpUJI j-Q !^ЛС. j-QjoJ Ljj^a. CliX-uJJJ ^ ^^tAj^ij-oj <]j>il I ЛзЛ^Л JJjujI^! 

^jjjia jc. Ajjj£ V CIjIj jjC. ojjjuLiA]! jjc. (jj! jiall (J£-uJ jkj/t (jjlxuit Aiuil^lj 


^ic. jjjajjial! jJjLb ^ ^L^jll Aaj*j 


103-106 


.(jjjj 1 Ajjj£ Cjbjjc. (JLaxjjUll 


CjjLuc. 1 g*iqx^aj HJjuil! CIjIjj^j Ajj-<u]jj]! jj^jV djLaix-o j-o SjBlj LjLia^ j£jj (_£«1л 


tAj^ijAj <!1 q! Sjxl ^jjjj£]l ^uuu <jjg y jjuua 13.20 (JLilt jjjj .CiLial! Я_р!_^.! 

.lajjla (J^ jjA^j ^j^-Lq ^uJajJ 



Jllui! 3-lC- J-a ljLjjxJ! juj AjaJjusj <Ula! djxJ j jjil! J-uu 4 J J ^ л j jua 13.20 JiuJ! 

AjjLiajS 4JLjia JIajLLujL 4i*us\a (jlmi]| Aja JLui ^ic- Jjiai! ±uu£l ljLjjC (!) :Ajjj£ V 

(^) (WILEY-VCH Verlag GmbH & Co. <> jiL 108 £*>Л >) ‘U*j 

AjjjS jajIjj lj! jjja j jjkj jj£j j j-aLjj f LuiC’ luu AjlIa^a AjjLusjj (jjjjluul jj ljLuja 
Ajjajjjj AjjjajJ (jLi^ j (j j j) .(Aj£jj-aV! ApL-ojSi! 4\* лу\\ j-a jiL 107 ja]| jj) 
(jua jiL 13 j -л. j^l\ (jua) AjjL jj£ ujJ! j£ j</a\ jjC AjjjS AjjjjIjj lj! jjja (jua (jLx a~\ a 

. (Aj£jjjV! AjjLjjil! A\t &y\\ 
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jj! jl CjLjjJjjjJ! (Jj-Q ioMx a c-\dJ CjLiJ jC. аЛлЬ ^kjA Cj\jJ j^Jl ^aJLc. jl £A 
AJlc. AjjjL Cjl^jjui ^ IjjI^ \«jaV\ Ig *,) А у" ) j^*J tAjjj£L<JI Cjllij^JI j-o (jj^.1 
^^jll JjLdJI OJJJJju) (jc. L_fljjx-Q JdkJl jl V] tC_JjJxJI j-Q l-l^. jLjJa jjS £A L_JjjjjJI 

j!&VI CjIjjjjjoiII ^ j tl цт Л 0.2 ^IJJL AjjjS V «.Uj CjLu] Jc. J JJu 

V ljIj jjc. ^xja^j 1 I^aa jjfL u' cUiJj j .Ajj JJ jill CjI jjLJI Д -JL^. ^Э AjaaI 

<JJjL CjI£jjo) ^Э ( jiCill ^^iluiaJI jjj^J! jjjul^l jl jj JJJjgjJ JjJI cj\jj£ o\jjo)l jjA^ <Jjj£ 
jlidCul jl^aVLj 6 JIjaJI Jjjjjj Jc. 107 .L^ jjj Liil^A \jjjjj cIxjVI Д -ubLi 

c(Aj1Luj jlj Aj^ja CjI w Cn Ajj^jou AdijJaj CjIc. jj> a\ c-IjjII CjIjjI jia-u) (Derivatize) 
CjKulj ^Э \ g AjJaVlJ Ajj^-uiaJI ^aLui^V! аСЛ jjJ jSLuill ^bj^ll jm (JLaxJuil ^aJ j*J 
AiLuiAj oCc.1j1a jj£lu) AjjLjajjJI cjLjjxJI jj (_^lj ^1 £а l_jjjjj cjli cIxjVI "L LjL 

s г ; 

o jJrsll ^э .(^Lja^JI ^э LLIjjjc. <L.ja a£jjjJI jj 4 Jaqj jjc. ^aJjj^Jlj cIacLxjIj jjLj 
jl/j ^j\jj^£ jl ^uuiilaixA^ jLaA jjjiajj CjLfcladVl ljjj J j^AJ tAjjLill 


£а| C-IaJJ CjjjuLAll ixuijJI AJIjj j^AJ t^jjVJI c-l^iiil £aj 10 ^.^^jl^. ((3^J^LjjJjjjjA 
\ g *Nj u’jj (jjajl jl cAujal jJa Ajjj J AjjjIjII A^JjuJI оЛА l. 3 j'Vi' ( (_^ jL^Ji JMI *■ ll 

^Jc. <Jl3La-All ^a i^-^jLkll JLajJI t — bLajj Ljixj j£-aj .(Jelly network) Aja!>Ia a£jJu ^ 
CjLjjlll оЛД c-I^jJLuiV ^jbUI jd^-Jl Cja. J ^*^c. 4 ~n jn A^jjuJI оЛД ^ 4_ia. Jdll ljjjjj 

. AjjljjJI 


lJlLjIL aJLLaJ) (j-al jiJI ljI j A-Ljj ^ ill cj| jjLll 5.20 

Photonic crystals with tunable properties 

4jjj\j AjjjL ^uli ^Jaju) ^^Jc. Cj^-aJI c- jUall ^^^.jaJI (J j-Lall jC- jjjxjJI j^AJ 

^l JJ <JcLxa Л Ic\j1u)I (AjjI jA Cj\jj£ jlj Ajjj£ CjbjjxJ cIxjVI 

m * X = 2 • n • <i h ki • sin 0 

^g-AjuJ La jlj Л )*ч a\I c- j-uiaJJ ^.^.jaJI j jJaJI jA Aj t Jjj~4 Jl 4djj ГП C* 1 )*s. 
j-ualiJI jA ^hkl J 4 U-xjVI AjjjljJI 4 q ix-a\\ jLuiijVI ^а\_ха ^Jaxjj jA nj б(Лх-^\1 jLlaJ 
J* ^aiaLjllj jjljll C-Jjjall jdJ Ajjl jll 0 j C [hkl] aLadVl j ^g-ifjl ^ . ^Lwi' l 

CcLjJ! £_a o jjuiLja L_bu)\jJA ju-aJ! (jUaj £3 ja jl <^J] aJcLxaJI оСА jJjuI .(hkl) (J jJjuiaJI 
jjjA ^^Э jjjxj (jl (JJjj jl C J~4 ) . jLu^jVl ^а\ла Ja-u)jliA £aj Cj\j jJjuiaJI jjj 
^Vl\l ц^Э jAXJjuj jl t^aJ jA t j^AJj cCjJaJ! Ojjj ^Э Jaj*\\A ^ldjil ^Jj jjaju)jAJl 
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Д ^ Uiil j^ -ч \ с i -4 V ^ ^ j l Д a L 1 < . A 3 Cj 1 ^ Q Л j ч j AjJjJj 3 Ojjijl AjJ jJ j Q 1 1 ч! > s -\ ~у_ \ 1 ч 

* -* 

jjIj 3 ^^lc. ojjlii Ajjl^j Clal j>* л<а ^ж u-al 4 a-oIa (J-a*Ilujj jl Ajjj^ CIjLjjC. j)A AjjjL 

.jjlll ^Э Cjljjiu jjC. 4 aII Cjljjxjll jjajC-j 


Tuning of lattice constants 


Jjj) jj uLi jj 1.5.20 


<j j ^Li A&bjj <UU. <£-LoJ 1 dljl jj t—fljl ajJ Jal! ^Чл J Ju Jjl jj 

> 5 = 

jjajaA jjJjlaJJ SjjLl A^Huill CluljJ Jjxj] V J^-a 4liij-aJ аЛд (J-wtlujl 4 ^LaS .Ajj_j£ 
(JjJj^jJj jj|-N)^J JJ JJajI jJ j-a ^ j‘u/i«a ^ajLgJ Ajjj£ Cjljj_jb JalaJ Lo^jc. .^^ajIa. 

-lc-ljj 35°C — 10°C (JJJ (JjajIjjI! IjgJ jj j^xll j^alajll Jj*j 6 (AiaI (Jjj^! 

^jLa ^jL& £_lua Lo^jc. 109 .^Ijj CjJa. Ь JJ^ ^LjjJ ^l 4^aJ j)A 4 jJjjj A^JjoJI 
JjjLj£I-4) ^^L jjjI jaj jjAjJajj K + J Ba 2+ j Pb 2+ dAjjjL/ jjLua. (Hydrogel) 

tCjLi jjjI£]I cLa LLlijjl ^Lll jL^I jaj dJaijll c^jL^JI ^з (6-^L-18- j jjjjjj-ol 

(Donnan osmosis ^jLUl jLjj Jax - Ja jl ja (Counterions) ScLcaAll cjljjjVI cina^ujj 
ддх^ jjj^xII ^■liijjVI 1 да jlcL* (jlxjj 1 1 0 . Ai jLua-<JI diLijjl j ^jLaI! ^L^il pressure) 
J! jju (Red-shift) ja^.L/1 j^C Aa.1 jl dJa^j] .^LgJL Ljil£j 4 Layi jLl 4K Lll jaj 
jiajL j . ~2000 ppm J! ~20 ppb j-a Pb 2+ dL jj! jj £ jj jI j Lcdc. 150 nm 
^JJ 10 1_ M Cj^j] LjI V‘uxil£ juj^C. ^lijjl ^aj jjl jjjLuj! ^^ic. jj^ jLtl] jja-A Ljajl 

jj^jlxil ^ajjjl jj]*J jja. tLSLaJl dLb ^ •( jj>*a5jVI 4 -jLLj) jj^jlxll j-o 0.5 mM 
dLj£ j-o jij jjJL 4_aJL*_A <L£ja Si L aj (Avidine) jjjjiVI AiJa jj JLauJ! jljuXjl 
j>»a"\ ^JI jj^jixJl jjajl Jjjj • 4f-°l (Jjj£! ^jJ ai>L& La^-Lo AjjjL LjjjC. 
a^jjoJ! djjL cjjj Laa ;CiL jjj! jj^J i u j ^jL^J! ^Liijl ^Jj ^jjiVI AJajoi! jj cilij j£jia. 

m .^j jLU jlL^U 

j-o Д-С. j u-oa Ljjj£ CliL jjC. jA CjVLj! \я u-o <,4 Ix-all ClalL CljL^Ljaj! ^з 

j! Sjl jaJI 4_^j3 JJJXJ (jjjla jc. ,J*\a'1 jjJall jjL L-flJ jOJ ^ia-ujJ 4LLIa С1}1аЛл 

<jjaj]jj AjjoiL I ^^3 Д -ujjaxa]! AjjjxJ! djljjL]! djj^Jal 1 12 . ^jLj^ JUa jjJallJ 

jl .lui jjc. A 4 1 J-> а \1 djL/LtLVI jjLil 4 f \\ ll ^ja CljLuia-A JaxJjojj j^AJ Lg_jl ^^Jc. АаЗДа 
^Uai ^xjj-a cA^Lula Llj jl L-iiljJ aJ) ^Jc. cLajC-L/L 1 14,1 15.1 16. jj^ ^ll (jjla.1 )a» x>i 

ц^Э 1 1 ^ . L^Iilajuj! jJj jji]l AajCc. c!ja (jji Aj j]a]| AjL£JL Jais ^ajujJ jJa./jjj (^-ijJjS 
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4iji-ua-G ^Э 4 _u) J -ЛЛ-Л Ajj-cuIjJ dAm -Ч j)-Q AjuVl Ajj!)Ij SjjL " j^jjjl" jL£ t^JLaJI йАь 

£jLa i (Jj-g) ^AjLuj j)*vll jl^ j 6 ( jLui^ jliui (JjillA ^LL) jj j-o Д.С. jj-ua-o 4_Jal \~ia 

.^cijjj 4_llal)aj\l Aijq»^ax>\l ^^Ac. OJ^L ^IaIj ( (jlj£jVl£ ^JjjJaC. ^ пЛ-а jl ^^jfLilu) 

(J jJall ^J (j-Q jj a£jjuJI CjjIj jljjj t jJa-II <JajujljJ AjJaUa-all Яз jS-ua-UI ^lijjl £-*j 

175 Lg_u)Li jjj jjjjujj! jj CliLjja. j)A <c. j'u/io SjjL 4_ILa. ^Э . (jUauLI £ jxJaW ^a. j-UI 


Jl 450 nm (j-Q ^giJaSI JLa-LI ^LaaJ ,\\^.Л * Jjjall ^^jaII JjJaJl L_flj]jj j£-aJ mm 
J^lll) 4 qlj-NX) AjLja. jljjl С1з15 Ajjj^jLu) ^LI j-o jALL L^jklijjl jjjJa jc. 580 nm 
flL Aj\j£JL AjjjO SjjLI ^Jj 3 j]I ^LujlII ^Jau) ^ic. ij jLq JaLxjl (Jj£joj j^-GJj .(14.20 

. ^JaLIa-o ^aja_j ^jj-o^yLilL Afi-UJaSb jl t(Pilot pen) Cj jLL 



Яс- jj—aj) jLuVI Ajj^L AjJLjI АЛ ul jj ^auuiilJI jjij ^jJjaJI JUjj) i, iLJal 14.20 JSLuJI 
Jxjj (i tjbJLd) Jj£ (AjLLLj Ai jLjjj A_uijjJlj 175 nill ЦилЬЭ jjjjluni jj cliLma. jj 

(ljUjJIj) Ajjj ja jljjl ljI J Ajjj^jUj jjI jj jjjUj Ai jluxLI LjajjJl (//-V cliLuajjll) 

v) T00 (0.65 J IV) T05 (5 cSt)j ш) Tll (10 cSt) j ii) T12 (20 cSt) : ULau. 

cSt) 

(WILEY-VCH Verlag GmbH & Co. <> jiL 117 &jA >) 
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Tuning of refractive indices jtuUVI cjbUl*-» ljiJjj 2.5.20 


AiLa. ^Э jLuLjV! (J-obt-o JajujjiiA ^Э jjjt'Jl LiJajl LiLuja. Д_ ijjJ jill jjUajl! a J^ -Э 

(jUaiSI Sj^fl L_iJjj jjuuj ^ Я -ijl djLuilj^ diijj . jbuVI 4U£>L AJbjl ^Lj-u, 

A_ijLjj ojLa CliLilLa AjtuJaJJ \ J \ 3-1 -q AjaLuiaI! AaajII оЛА ^Jajuj jL Ibj ^uuLc. (JUjV 
ола J 1 18 .(Nematic) AJUmll aJjU CjIjjIJI Jla bjuaj (Birefringent) jUjVI 
j -Лэ ^ajIa. ^jLj^L (JL-o (jjjiajj <эЛс-| j! jjL^aI! (jUajll ^J3 Loj j^AJ t4_ILJ! 

. ^ xA» 'I JbjV! ^Jajuj ^ic. ^JaLl! ^j <jjuj]lj <1 jLuJ! CjIjjIJ! cjLJj^. jjjjj ^Ac. 

f * 

Jbj! (J-o*jjj! C JllU! (J;Ujj ^gic. .Ajjj-saJ CjLul^uQ ^ U/^l ЯэЛс. !л^Д (JLaxJjui! j£aJ 
jLoJC. I j^xii ^ ^ • jLuj£jV I (J-aLstui jjjju J^C. Aj jjJaC- dil пЛх> jjjuL^lil ^‘Ja! JJjuj ^ uAc. 
(jjjli i jji! iuuil jJ " ’ . (J jj*s,ll jjjjuL^lill ^Э AjjjC. ajjljl jj jixl! (jjiil L-iiljj 

Aj 3 (Jilij ^Lj! ^LuiC. ^gic. ^Lj^ (JL^ -л (jjia'n Ljajl Лил1! (jLLaj u Ll jj j£-<ii <j! 

.(Redox) g-L». jV'j “^U^I Aj^U j-o i*a L j jj-gj! jJ 

Summary ол11л 6.20 

CjIjjL ^juA'i (J^V Cjjjla Д-С. jjj-Q (jj! jial I j^j-a Lja jC. (Ju-saal! ILa j3 j 
(i I с" п«ч t jjJJjuiLui! (jJJJS Jj Auilc. © jjuuaJ jjljii]! йЛД LuuuiB Л^1 , Aju$\ A_lijL Ajj jJj3 
(Ja*jjui! (И j $ (Jijui! - <аэ AjjLLq ^^э ^jjjJ ^^jj -iLjj! Ajjj^j-L! 1лэ! jc.jjj!1! c1i1a*j-uj! 
Ajc. jjl! l^jl jjA-o <jjLLa (J£i . ^Lc. I li L-jjlui! ^э AjjjJ CjIVi ^Ljjl ^jlil! ^jA^jll 
^ <ajL1! <ijal! jii A qjiall AiLijla £jiaj-ul ;Л11аЭ .l^jjlij j.L"n ^jll! 1 g ^ JaLilj 
^jl! ^L_iia^J! ^a! j^!) jLtjV! AjjjL Д -j jj j3 cj! jjL aJ jj ^лДдМ! (jjjfL-UI ^ju-^MI 
ДЛ_^ ^Э Ja^3 -li^. (J^jj (Jaju ALjiall оЛА j£lj «^UajjV! aAiAui CIjLiuj CjLuA_i3j ^^jj 
jjjAlil! j Д -iJjjJal! 1лэ! jC-jJjII! (JLaxJjuiL 1 g iajxiVi j£aj ^lll j! j-L! j-a Sj j,W a Дс. ja^-a 
-1а£Э <L^La 1 glxV) J_^.La AijjJal! ьЛ^. i <j j'VLll LlLtl! <aLjl! t(jili£ j . ^Jc-LjII ^CjjVI 

^ljj t500 пгп (j-o jjtu-a! cjLuui ^Jj jj J! jj Vj t(jjL.\J! j-o <и1э cjlc-jA^-U 

jL. J^LulaI! oLa (J^. j^AJ . IjJJ^ L-l^J (JIaJ CU_ iia^J! ^»!j£! ^^^lj JJC. A-ijjC cjKu-;, 
cjjuiLa а\\Л\\\ AjjLaI! оСД jjiLj j£aj V j^lj 6 Д-^1 JC* jl j^-ll LLjia]! JLuLuiL LjjjL 
jLLi cj! J^ -Э cjIjjj ^AJuj V ^L^-jj ^lj ojjiu-a jLuLj! cjjLLtA cjli cjljAjljj ^Ac. Vj 
1 )-\u j LjLuj! Ajjjil! cjLjjxil ^l jl! ^ja^jI! <ajL 1! jjj! jial! jsji t<jjla-<JL .<aL 
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(JI^aII ^Э l$J ^V)]l j^AJ dul Jj С1з1 j jIxjVI Ajj^lj С1з1 JjL ^ил! I U/T\ J 

jJal! CliaU! 4 j-a jx-a^ll 4_a. j ^Ac. J • dj\ jj-o j j5La Ял -klaJ ^j С1з1 jj-q jjljll С1з! jluC. 
Laj tUjjij j! j-J с1з11э ja-n jA cIxjVI AjiX "Lfjjj j^ с!з! jjL ^juAi сс-ДИЬ 4_g_a. ja]| 

л 

aJIj! AjIax] j^aj 4 j^ij .(Jjx-aL! JUa'I ^Э LaIj jUaj Cjlja^ (jdl (jL! lUL (J-qjoij 
^ l jjl jA-ajal cLqjaC. .AjjjU! A£jjoi]I ^Э 1 jLlC. t. * 3 UaH jl ^JU/l'l AjLoxj L_j]U]| 

4 зж^а Cjl*s uj ^^Ac. ^IU! ^JAaUl! (jjljia (JLajCIujL lACj]jj j^aj ^л]1 AjjjU! ^_п]| 
dlLUaj ^LLjV (JjJa^Lf! ^lCoja]! fijjjjJa]U \ь j' j ^4jj£jA j!^ *La.j]l Ajj£ja 

ЛзЛУзИ <LxjJa UjJC. (j j'Wi j! Ajjuj^x]! A_i]UjV! j AjJUjV! ^ з J' j^AJ .UdLj SjjCaa»A 

> # o 

. jjljJ Jajjjuj j-ojJa ^llU! ^jaViII AjIaC. (jjdj La IjCU jj 


4 La (i ja]I j 4 Ag a'I (j-al jd]l jlaxj] 


<jL3Ua Ulaj! (Jj-aUI 1лА j3 j 


Jdil JA . ^1 _а1аЬ1] ojjUq j оЛЛлИа CjLajUaJ (jUjuj (jAjJa 4 jL*jV! UjjU Д -jj Jj j3 CjIjjLj 

CjIjjIJ! ^»La1 Aj^Ua]! ^jjidii] AjLU jj£VI ojjjda]U c." Зх j! j£]j^ jj£V! 4u-aji]| jl 

* 

JajJal! ^^Сл-З c‘ )j^. 4 Aj Jj-aj]l CjUj j jjSJV I (JLa»A 4 cU-TJ ! Ajj^jJ! Ajjjjjill 

U-a! jj Jj£! С1з\ AjAx-a'j j Jj£! jjkaj 4CjUjJji]| £_a Л > )‘у]1 ^JaLtUlj 4 ^Ua11 

CjLajUajJ! (jA (JLa-A Л ja. j ^Aj Ulaj! ojUiV! j»laj . $. j-Cal] <^Uja]I j Ajc-U]! *i j^jajli 
^JjaVI (JaCuj .Ajjj-aU! CjUjjjjilV! ^ jla. cLuV! Ajj^UJ! "Ujjj ji]l CjljjLil (j jdV! 


(Jjaj . jla jC. CjU jUa J 4 Cj^ ! jj j 4 < iU jjL -ШЗ Cjl*4 ji jaj 4 Д_з jj— aJ Л jJ^. CjLoia-o 

jj£l jl jUaj CjLajflal lc^A Lg-U* Uja! UijjJji jl_ia.!j (jljjV Ajj^aJ! jlajj*J! 

2 _a (ji! jjIU 4CjLajUajl! ола jiji .A-jjj ji] ! cj! jjLll ^^ic. A-ULil! UjLajJ! cjl Упа]| jj! 
cj] jj cjUjaj ^ c." з^ А1 I jajjoiaj Uji I jjaVj 4(j jjUl! $. j-dall ^Ал_з ^^jujUjV! ^LajaV! 

.(JjJa^! 1 a^ V i Lg_3 ^Уза j-e cLljV! Ajj^U CjljjL 


(Ja.! ja]I ^Э л! ja]I оЛД ja UjjaiA]! CjUjj]aj]l ->Jax aj UljjJji]! CjljjL]! (J! jj La 

оЛА jj-al jl (Jj 3 L^jaALtA ^ 3*sj ^jlil UUlaa]! jA ЛЛС. tj]UA . ^.УаМ! jjiaji! jA ^AjVI 


(CJUa J! jj La 4^^-uj J£ Jj3 . А-зс.1 \ksiW cjlajJaji! l_jL LglUl^Aj JaI£ ^j л! ja]| 
4 a^a ^±1 Cjli cLuV! AjjilU AjjjC CjKu-;, cUjj ^^Ac. 'ijclii <ajjia jjjial ^j Aj^La. 


(jA ЛзЛлЛ 1 ^"заЛЭ ^jLl 4_i]jVl jlajj^i! Clia.jj3l .<daia-lA <i]£jj <C.jjaJ JaJj-ai! 
A^aj]l AjLU o jL Cajxj "Ujjj jii! CjljjLil ^Lgjll jl a*")uiL/I j! Clia-JI Cjlc. ja-n a 
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^ljilj jjc. j Л g u*l ciuljjj cAjjjIJ! IaIjJ ^cLll c. Uljjl! j 

(junVi (Jj-aUI !лА ^Э Aijx-aj-U! jjljla]! ^ja^. cC!j!jIjjcV! оЛА jA Ls^Uail 

JLa*Jjoi! cLjjl £-aj .AjcLu-oI! CljUjjIaj]! ^Э jl U"l I £_uil j Vba*Jjoil .lail j! (Jj3 ^jjj^ 
SCj. 1 > jj! jia ^^ic L—lila]! Cj£L (JfL j! jjjjai 4 UjVI> aII j-o jjjxli ^i <Lijj jil! CllljjlJ! 
j^aj <jj jjji SjjL ^‘u/i j ^i ^ 5 -jU]! (j.w"i]| jA^jj . jjx-o'jll ^i ^ДлЛлз jj £! jj 

jl Ajjl£-dj 1л^ ! iais j£-aj .^jU jiaja-A jj ij-V n \jj\ijjl LgJliij j! LgjUai aj>3 ^j3 
C. LUj jg_3 djJUl! (J ЛУЛ Lg! . L-llla]! ^ic. C. Lij L^ibUal j! dlLj Jj ji]! ju-aa_J ^lajuiJ 
2 _jIiU! (jiA (jjl! Ajjjjji djljj£-Q L^ILUa j Д -ij jj jill cIjIjjIj]! (Ji!j 4j>ja 'а!л\ 

Ss-LifUl AUlc. Д -ljjJji й jg_>! ^Ги -^i'j j-o j£-aJ L_fljjui (J-ol£j !л^А Jai3 . CjjLoiauUlj Ajjx-'iJl 
c!jU_jV 1 j-G JI>a11 1лд ^a л1з! jjaII djLij]jVI (_^i jl jj^j лз 4 (>1)а iaI! 1ла jA ,л > a^aj 
( jjJ j I jjll j .Ajj jj jill SjjIjI! Jllc L^jliL^ j l_j jjjUI 1 jjL ^*ча ^Vj jjUj 
£Jjui jjJ Л$ > ^gi cLljV! Lj^LII i_ij jJ jill djl JjiUl S-llAa. CljLajUaJ jjajc jl (J jj c! jll 

^з Ljjlj La£j .<jaaVI Llc ^э ja! л! j-UI ола L^j 3 jjjj jl L^jLui jA (jUl c1jVL>aI1 
CIjI Jaj] jU! j Viaja^I! iaLLl]! (Jja| A \k iJa j]l л! j-U! jA J jlV! ^l >jV! j-Q AjCjU! LLa. 
Li-l^JjoiA jL£ (jill 0 -L-UL UaJJ ja SjjjjJa]l_J (J jVl (_£ jLVill ^r j 1 aII jfL 4 ^4 L-aj-Ul 
iai3 tLuiajl Ajj Jj jill djljjLll ^iU ^А оЛА jj£j (j' j^-aJj *Uja]1 оЛА UjCjjI.1 LaCjc 

.Ulli jc Ljjjjlui (jll! (^A AJjiLuiAll CIj! Jjla'j'l 


Questions U—i 

Sj jL ^jjj-aj ^i L^jLjJ jja. бЛ^.1 j 4 jjLa jUjL Ul -д ?A_iijj ji]l SjjlU! La .1 

.cLxjVI 4jj!>Ij jl cLljV! VjjIjj j! UlJI AjcU! i_ij jj j3 

cijLj j^aILj L^jj jIIa dc Ajj jj jill UjIjjIJLj a j-a yj j-oil a . luiLuiVI Uj! jjaII La .2 

Va_i>ja]| LcVIj Ll j-Ul£ Aj.\iliill <jjt-o il! 


^ic (Jjx-o^kll (J>1 (jA L^J ^gij jl c- j-UI (_ 5 -]с. i>j (jill CIjI ALaj-Ul jjaxj ^A La .3 


?cLljV 1 (jj^L ^aLiaj AaL (jUaj Clll j>3 
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j Л^.1 jll ^Jjk-£aa]i 


сг^' иг^ ^>SU сгЧ 
Biomimetic Nanostructures 

^ . I JikUJ 

UaJjbLs tbjl а1иш Алл1л. <LujjaJt j Ajjt-ijj£Jt 4 ■ » li^ It 


AijLubJt Cjt jjuJ J jil j ,4_j jliJt LjlfLauVlj tf LUI :<LejLa 1.21 

Introduction: water, cell inspirations, and copolymers 

■ t jVX 70% (^JIj^. tAjjiaJI 4 „LjiVt ^Jax ^ jjLoJI c_i£jjJt jA (H")0) cLJt 

c.l_ia.Vt ^Jc. ^gjjjaJt xjjiajill 4 ^Lja 1I 4_ijjLjL/t fljJlt jt .lai jt (_jjj 1 t4_Jc.j 

Cjjjll j*J5J (jiil t(Hydrophobic) *Lall sjl£ll JjjtLall At?.jJ .«.LJI jxljj (Lri.jljjjlt) 
jljJ .LjaxJ 1 J . jix jj Jajjjjl iilLS j 4jLjaj jl£jjt (JjLvJ JjLiiijjjl t <t LJI jj£jj 

S 1 t> 

CiL/tLuj tjjjjjjlt t_i£jj (^jjll (Ribosomes) CjLoj jjjj jll£ Siixj jjL/t la$£ JojIjj 
(^ jjjlt jj jjixltj (Filamentous cytosqueletons) 4 jJ-ijA . l t AjjLlII jSL$JI Jla Latli 

4 ic. jilt 4 )jtA tt Cjt j jjjaLalt j LjLaJI jjL j j jjjj ^jlt <jjjj V j' I j jSjj jil j£ j .j_J jALft 

■ jLall 6jl£ll JjxiAll J£jLj (Mithochondria) Lj^jj^jli-«JI j (^jjll JLq 

t(Lipids) CllLj nlll t4i j£-LI ClAjjj^JI jj^ L _ 1 UilJ 0 ^Лл11а]| ^j-iJl бЛА ^J-Q -Ч J£joiJJ 

dll JJ-Q jjjAJ t£.LL] Яд jl^ Ajjjj Clll JJ-ajjjA j-Q Ajj^-o ^OJI*_xo3 1л1) dll jaj]jJ LajaC. 

jj£j ^j]I j-uic. <*_ou]| 4 j» j)) < ill 4л п^У I jjajA^JI c JliLcJI (Jj±uj ^lc. .c-LdL AJj]^ 4_nlaa 

1* s 

C£.La1] J_AjI£ (jjaj^a. Lgi« Axjoij t(Proteins) CjLyjjJt jt (Polypeptides) ej'. jl;nl jjlt 
. c-Lalt ^ 1^-1л jjjjilt (^jlc. Lttjlall jjLj Xttlt j cj jjjll (_ji jV ^ ' Ajljla jii£l jjij 

ftLttil AAjI£ - 4_jjja3 Ajjii 4jtjja LliLi-ll 4 _iLc-I jjSi (jilt ttlltjjjjlll - 6 "j j' tJbttlLj 
jl (Segmented) ~-д-ка j_j jL-L L jjjc. iJyjyj ^j <.{H-P) jl ( Hydrophobic-polar) 

' * Dennis E. Discher, Department of Chemical and Biomolecular Engineering, 
University of Pennsylvania, Philadelphia, PA. 
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(Jgb 1 (j^a j * «\l l ^ JUJI jA Jj£l t!llij (HHH-PP L&-°) (Block) 

J jaaII ^jjj* Aij Jjilb ^ \"Л11 jl ^.fllxi'l l_jjj J jll 1 ла ^l Lqjac. jLjjj .djljjjjjjll 
L>jl jjull ^ ^Loll jSll ojaLLJ a Jauxij jja jjc. j-o jifu La . ( Amphiphilic) 

jjjia jc. AJJJ^I! ^jjll ^SLd Ajjjli ^jj (Jj£jujj 1 A-LaJjoijll L_ll! j£l! oLA 4_ilij>ll 

.(Aqueous self-assembly) yLLU! ^lill ^ . j * >il l 

j| AjLkl! Cjljj£-<J (Synthetic mimics) Ajjj^jjI! SlSLaUI jx>»VuJ *! 

^ajlc. j-o SJliaaI! ojjJaL^JI 4_uL,cnSll Aubjjill j-iajL-a^Jl jli Л jIKII (_]лС- 4 jLS ^^Э jJaj 
LtJJj .4,ag a I J jj| (Fluidity) AjxjLJI j J jiUiV' Jl (Energetics) Аа1У1 

jl ^aliaiil o jj A"ixtll s-LuuSl! ^Э I j_^J^ LuAS* ‘il j^ajl 1л^Л j<.iS»,Vi jaII jlaj 4_g_> jl 

оЛД ja jia*J ^gJc. VLla cjj£j jj3 (Crawling) t— ft^j .<1 4 uujj£oJ! 

(J£ijj jx-aLa. & Loixj S LxllS o АКл 4 4 jl -ч! \_ш jL 1 1а1-аК,а 1.21 (JSxVill jjjj . LLjaall 

V dj\ » x> >j j ^jjlkll (jSjg.ll ClAijJjjJl AjAj^ll Clilx x>>jll jjSj . L-fla. jll *Lj! 

.(De-polymerization) SjaL Я11 jlj (Polymerization) Sj-JJ dLL ^daaL 4 _£ jLLj 
cLjLoJI AjjJajil! .^LaV! ^ll 4 jIKI! ^Э AjjSj^ !j! jj! LajjJaj dUaJJaJ! йЛА (_£.jjj 
ЬпК1 L-ljiVl e-Laixl! L_fljla Ajc. A_JjjJa£j о jaL jL ^_a.jJ L_Laj ljSg,l AajLuJl 
i.jJll! 4 j1k. 11 ^Luic. juLLJl Ajjjlill Aijjljjll ciLlLll lj» x>» j^q -s (Filament) 

t"'l 'I У'ь „VI Cll'j A 'U II ftLibj A J lin<. 'I (_5-iJI (jli ioIA АлУ1 SjaiJI CjIjjjAui g.1 Ш ' 

1л£ - f~,l u ^Л! i_u£jj]I Jjllla (_gi Ji' ^St, tAjjliJI AjJ cjJjjil aLIHI AjfLijillpjjAi^JI 

AjjaJjjII (Vesicle) aL^jjsJI j (Worm micelle) (jJjill JjJuJI ^jJjI? qa 

. IjA jjjj3 jj_a jaII 



Ajli, FU4 a .AjlaJI i_yj : jlxjaAilj AjjjSjjII AjjaJjj!) A-jjfrVI jc- s j££ 1.21 jLujll 

. (^jJaII (Jlui!l) (JjaV ^ia-j (JjS Ayij (Actin) jjjll — Ajjjjjj AjH jj-a jJ Ajjjju jj 
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(^jjjJ!) lSJJ ^ t fLuJLSIj AuliiJ LaJbUS! fLic. jA JS jjAuSI (J! jLuuSl jA Jjjj 

9 jaL (Jjjia (jc. ^aLaSf ! (Jl Ai jail diJau tJjSf! ?\Aa1\ J .1 min (Jlja, Aulaj 9 jjj J 
c juii 9 jaLS! A jjj£ AjjLjj (JLLIa£ j! fljjuu jl uLaSS Lulilil AJjjaI! АашШ! jjj^V! jjUsjjL 
!_] Л j-a f. 1 j Ht \ \ j <c. OjI^jjIA] ct t < 1 a a t j Ljblg^l jjjjjj djj . (+) ejLJJI сЛиЦЛ jjc 

,j»L>V! (jl! fLioii! jajja. II 9 jaL ^jjj lAuuili jjUajjii! j! Lu .SjjSjIL Aulait jLajS) ^! 
14 jajaS! juj AuiLS! SjLja jjc 9jjS jSI jc Ijjxj AcljlS! jLu i jjjA A-ULSI fLSuC jVj 

.(Elsevier science jA jjL 

(^a ajj^jj jIc! j ( jAj) IjjjjI Sja Jji Bangham ^O-Sj Jjc jl jla 

аШ Juuii. “i^^jJalAll jjsJI jA LjLujLuJ! (Liposomes) djljjjjjjl j! CjSLajjj^. 
CLljjjaJ! i ajliSS j! ^AjajcVI AjjjaJI CjlLjaJ! aJaILa jaa j Laj3 9 1 jui jjL 
jjjua. JA jjJUA IaA LogjS! jLLaI! jU^JAl! ^.CSjSLuaJjaJI jjkl j (jA*J ^_iSI A JjJa. 11 
jjljJjJdll jjjjjj J-'I ja. jl ^J-Sa Jj AiV j-aLk A^,jj j£LJL jju^. jj+VI j£S j ‘ jJjljUAJ 
jl ^ juiajj j^JaJj tAjiml CjSLAUja. J J j;AiJI JfL^S! ja SjaLU JjUS! (Tubulill) 
.Liuij Ajuila (Microtubules) Ajjj£ja l "'' aL.i .1 jj (jlSaj j! j^Aj «.LSlxS! Jc JaxSI 
(jji.! 9 ja 4 JU (J£joi ^S ^LSajS! Jia-lAi (JjSI cAi^! jS! AjLlSI JIa ^S AjoiljaSI ^uuajj 

Л-у t 4 ш -л LjujjS aaJlVI <>aa j£]j • ‘ULc-VI j (Filaments) ci\,3an4\l jjj 

j-o AjAxII u«-nij ; j-ojll j-q ^jqVVij ol.4ix4 ClsLlijjjJI ^Ciijj 1_л IjJIc. . Igjli 

AjjJajl ciul jLolq L!lLlJI 4 js cJ\"ia"i (jil! difl jll ^ .(Leaky) j AjCjjjIII dj!)L-ajj^JI 
4 uqJ-4'sVI ^^Jc. с*\\л^ 4(Jtx3 J^cij 1 g ^q'i ^licijj J£LLo 1л1л <^JL*_a] (Metabolic) 

jlliaVI f-\ jj Li .J-LaLjj]l L-jjL^. ^JI Дс1Иа] 1 Ll jj cJ\"ia'i jl (JaI£]L Ajjj£jj]| Ajjaj] jj]| 
tiij^JJ AjC-Liaj-jal LjbLi. 4 оиЛ jft CIjLI^aL ь jq«s A Liajl (—fllCAl Ia^A tAjjjjjll ь \£\ *ч aIL 

j^aVt 4 \ Util jiau jl CjC j 4 j jaj] jj AjjoiC. I £a La 0 jLj]l I Ajj . ClsLjaj^ a\\ 4j\ VujI 
LLj's 0 jLj]l Ajij tjxalL .Ajjj^jj j <jj] "Aj^." 4 Ah'sV AjjjjjJall AjjL jjiJI (JaLaII 
Jja \pL±]\ U_fljUaj о1£\,*ча\ J_ijLjji]l jalujVI j-Q ^jAVI A^JI (J j^. CjVjL-J ^gic. £ ja ja\l 

,jll 


jl t<Jxia3 A-Z? С1з1 jaj]jJ L_Jj£jj ^^_)Са1-А]1 jji]l CjLjjxiuj А1а Lc-Llaj-al (OO^ 


jA 4 jL <jjxJ ^Jjj^. UaJJ (jjijCll I^LasxIujI jA «^.Ij ^xilcj ^c<j]j£ A^jICla С1з1 jaj! jJ 
4juLa i. з \ Ja'V'i .^1 jlA^ <LL jjc. j 5 ^ О -0 AaIjI-a jjll AjL <jjc. Л A J-^L 
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C1i!jaj]jj]1 j! 4 VI 4 4 S)jjx_aj . A ) у**1а j A^k-aV jljA 4_1^.1ja_i]I CliLsAlIaj]! ^A» a 


c')\ ^jjjJ (Microphases) 4 jjj5Lia j! j]a! ^ l^jaiai ^)Vn Ajijl! Ajli^ll a£ju>uI! 

j-o 1 >.s-ix ) 1 g kj-ix \\ AijLui]! Cj!jjU! ciijjjjjj . Aj^i-iij-a]! ^jlao-a]! ^lj£l j! jl н-оа!! jA 

cIj! jaj]jj]! а1 1л. ^э ajjjIiJ! j! jiaV! jj^j j-«i*j 4 jL^. ^Ь! ^ jjl^]l <j]jluj 

Д_1Э11а]! jjji]| LS^J 4$ C5^] ^ jljlal 4_luj jA (J£ ^Ic. ^LujLuj! tAj]j£i! 4 ^jJjola]| 

jj£j t^jjaij]! 4J&JI ЯзИа]! jjjIjLq ^Ic. .5 £-a ijlc-lij-o A lJjILo A £-* Ь1с.1д1а A jjj 
cAjji *U11 ^ AjjJ! jj£i j] ^jill (H-P) Ajjiail!— ^L aII Яд jL£JI <!^Ij1a]I dj!>lc.lij]| 
4l\sb ^ ^jra. A_^1 j]\ jj£j 4-i^.jjl Laj Ajj 3 -li^LilLi l^ij .Aj^jLujj jjc. dijl£ jlj 
La£ t JS! j! (Daltons) djLj jllll _ill jA CjIIa L*_Jaj jA jj» ^jLj^. jjj л!Ь djllij^. 
^cjjLi jjjuj tlia.V ,^-ijj^-!! j jj]l cIjIjjjIj ^! oJjxIIj .Li^jljjJ! ^i IJlc. jL^Jl jA 
jl c j!i£l j! Cjlj Jjll jl! j-o L_aV 1 Ajjj j^Jl jl j jV 1 CIjj^. i A_Jj^11 Я£ jjJia]! CIjI j-<ij] jJl 

ClLmxjoJ V! Ijjj ^I CjIjjAaj oJAaa Я£ j'u'Ia CjIjajIjj A a)V 1 (Jj^. CIjL^jVI 


^£Laj djX-ajj^. jl L-jjj^. jj^j jl^ a Ag а !1 djliLLj^Vl j^ j)-°j • i _ 5 -*jaLA]l jjill 


<ailLA A_ili£ a£j1u!a cIjI jaj]jj jLajtj-ujLj ^Ia jjl^A ^ (Cell-mimetic) 4 j^'l 
^jill jLuJai]! <iujj ^jill (Aggregates) C L» аУ'Л l L-o j Ljajl jj^ j ^.JjjaI! J_^.jj j^ 
jjj jjJl dj\ » а-ч j jA 1 x>i» i Ajjolj j (Worm micelles) Я -ijjj 4iljLiiA ^ujL l^jll jLuli 
Jl!j j! ((Collagen) jj^-Vj^ll 4_a\j]l l&-q) b^LlJI ^jLk jjuj Igjlc. jic. ^jil! 
jjJJJk jl jijj -Ь! jjjLb jj -ла]! 11д ^g-Laiu 4__fljjoi . (^J j j*v]l j^j jl CllLLaJjV, l^Ia) LjLv!! 

л 

j^Aj ^jil! djlajjiai]! j tl^jlc. jLo jij ^jill ^jjIja]! j 4(2.21 JLsl! Slj^JI jL^Laii jjilll 

. \,Ag Ij^- j-o lAjJjiaJ 


АлИ£ A£ .jluta ljIjoJ jj ўл liMkjl u£Luajj^JI j AjIjJI СлЬЬ1а)| 2.21 


Worm micelles and vesicles from block copolymers 


j^joll! ^_lAj]l Ja-uljJA]l ^Ja 1 c^jIa J ^Ьа ^Э ]-1Um1 J jJa ^jJJa 4_!L^. ^Э 

j! ^Ujiuij j! 44iljiaujl jl£l 4(1.21 j^2i]l) (Time-average molecular shape) yjjj^ll 

•L^JJ^ J^-jj ^al 4,_ I нЛаЭ 4_1л1 ^a! c-LuiC. • jj^JJuj ^ji!l Ll^. j] ji j Ja]| 4 Lla jja-a 

(Average ^jjaall c. j^Jl -Lajoi jJa] jjjl^xil ^j^-a Д_]а1_иШ jA I LA ^jj j^_!l j£jai]l JajajjJA 
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.Ljajl jjjIj Cjljjilalj 1 _улЛ jj^j jl jSjuJI je <j| i f polar fraction) 

JjJLJa xjjjj ^llll jjjxll jj». jjl Jjljjll jj jlljjl djl jxj] jjll tjjil ajjxjj 

3.12 jjjjll ^jjajj .f 'j ilall <j^j]j3jjjj jx c-j^. ^jjjuIjj <JjjC-I j AjBjB 

<jjc. jV I jjjlj j jjjjjjuj jjuljj jj P-H jJJx 1адД <JjjLjjVI ^ ' j II Ajjjll 

Jjjil jilj-a jAj) LPolyethyleneoxide) оДш] JjJI jjujl ^ Ajjka j 
^Дс Ajjja cLoil 4AjlS jJjj ^ AjjUlil j ( Polyethyleneglycol) JjSjIc. jAijjl 
jjuijjil jAj ^jjI jjc PEO jl J) «jLLyt c_jjj .(Hydrocarbon) jjjjjjjAi^il 

Bljxli ,/it/rs^ll A,\ n ill ^ jSauill jl jlxuiSl dlL^JL*_A £_uj! j (JjLlal lL^IaSI 

LL^.V (jjdSlVuii La£ t j^Sj . Ajjj^II 4jpAj\\ jA Lsljj JJ^I jl ja 1 gl» ~4j Aj^ Ajjj^. 11 
Ja^3 j^jJ $^Lt3 А1з\ jLoj LjJ^. ^-LoLk jlj-o]l PEO JajSjJ (J* •> J V ^8 ^JuiiSl 

JJjLL L-JJjxll 'aA VlulVlj 4-1^. CllLjl^ll Ljc. ^g_QjuJ 1.Л J;1AJ (ji!l Ajjj^JI Cll!>lc.lij]l 

.4jjj£j-o Ajl^. ClAjjl£jl AjC-LlLau-al jl j-o 


j-oj] jjll Lgjac. c^jj^ <25~42% (JL^-aJI f PEO aJj^ $. j^. a^ji Ja-vj 

CjLojjjAj]jJ jl CljL-aJj^J ^jliSj jj£j ^Jj *LJ1 ^^Jj t aL>»a11 Ja^ а 11 tj]j_babo]l 

PEO — S1 (Hydration) ЯдЦ (jjjj tLSL. ^jgiA jA La£j .(Polymersome) 

jA ^ La j i^k ui ^Jj (PEO 11 jjLli^jjui^l ^_A ^.Ldl dA п~ч jjjjgJ jj^> -Ljljj 

(jjjl CjIjjIjj ^a ^a'is'I 1аЛс. cJ_il£ (Osmotic force) Ajjuxjaljj Sj3 jjJjjl e-LJl 


\,\ UiH 4 \\ U j-l OjLjj C j^S J .UuiLuJl (JA ^^jjjj LaJ3 £.La 1S Ojl£Al ^ll £A (J jl jj]l (jjiVll 


Llajli LjaJ jxl PEO AaLJ jlajxJJ (.f » 42 — 50% (Jj PEO 4 _]j£ e-j^. С-У^ 


AjjjjJa3 4jj jj CljLjA 6 j ] ja ;£_iAall]l ^i c-Li^jl Cli^J j сЛ^ЛаИ 4_aCi-u)VL jjAJjj 

jjjj^jjjjg 11 Ax Lql \\ hmi ^LjjaSI ^jjj^Jl jjjSL ojij ^LLja ^ а>) 11 jj^i jj • j^Aiill 
jc. iil]j£j PEO 11 jc* oljill jj-^aj ;y tAjjjj jjj S ji tillj jA ^jjj . jilSL^Jl Ll£ ^i 

L^uJalj cjL jia c^jaVJI (Jj^jjj Aj jiSl jj-aaSl ajSI ^a Ai-uilA . (Ja*va11 ^jLJI jjlaSl 

jc. A Wu*iA ty (,a,\ \\ \W jjuiSl cji jl ojjiiA cjbL-ajj^. ^Jc. ajjj^jaII <л_11_*_а] 1 cjLiLi jA 
£.Laj£ ^i Liiuj ojjx-ujill CjIjjxjJI jc. 1*Ши l_ijL. Jj (.MW t^^jjj^Jl j jjSl 
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f - 25 4 2\ 


f- 43-50% 


^ \ Lq . л< 

(PEO JH.) 

JjLuli j 





Zi jj 




AajJja j! ja! АлоЬИ! JujLuii! AALj! jj Luqj ^ul! AjjjJ^J! JlLuibU LjUaiaa -д 2.21 JiuJ! 
.tliLjij j)!^jJj lj^L^jj^ : Aoa jl j£ j j-U! j!jlaV! t аГгуа Jjjij Jliui! !j£a *!jj o* 4 ^ .JjaU! 
j -диэ Jjj-L! <LajJj^i! Ajaauol! j! j-L! ^Jaa ^ t ^ (^Jaii! f JaJ! jjij Lsdic- cl£LuajjaJ! J jauj 
jjjau» lj!j AoaJjA j 4jj> jjC A-ujafl A,LjLj jA (PEO) jj-Luj! ^JjU! Лии ^ ji . JiauJ! j±U! 
CjlajJjj (ja AoijjjijjJL^J! jJaii! Jfrlijj .AALaV! J^-ujj (f!j-4aJ! Lj!j^i!) £_4 jj^ ^,n\u^i 
ljauij . fLftli AAjli S! jj jjjHi f Loi! Зл», jluLaj ^jAaui! 4^_aju 4 (jiafcji! IfrLaxj ju Jjjui! 
AjJjLS! lj^L jjJ! JLuuj . (juLLoi! Ajjilii! d o! jii! AiLujj jl^JaV jL L-a f ja, <i! J! л -j 4, L-aj jai! 
jji! Ajjjafl jJaS j -4 ujLjii! Jiuuj Lajjj i vLiS Jjia! AjjjaAi! jJali! д u^al Ladic- jLui! Ajjjuaii! 

.(Elsevier Science c> 14 j->>Ai! c>) Vjb 

PEO < c 4.«,- »<к 


cUl , ^ / . 



Ujll AaliS CiLuLul JjliJI ^идалДЬ A£- ji-xa jl J jJj Ajgl jlaual Ajjai! jj Auuifrl 3.21 JSuijl 
fLjj tuaullj Jjijl PEO 1 u д>->" ji tjjjjjl *jaJI Auuij Jaju .fLJI j PEO 
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(IiujJ ttiljUiaJI jiuijjll j-a AjjjjjSjjJj^JI . fUild AAjlSJI A UUll . y jljJjJb 

jjjjjljjj <jJjjjl JijjAilj Jjlljl I g Lj л jj jl ( jjLjjl JjjjI PEE £}a Lal i j^j Jla 
^l j Jjj AjjJI J AjlUsj ^Ijjj f IjIjJjI ji iaJtf -PBD (poly butadiene) 

i Aj J j jjl jjibjjdl ji JaliL Cryo-TEM II j^iai J£j . LiiLaj ja. jji V Jj Aj J j J tl£Llj 

Ц mlji f. L«U AAjlS fjji iMW~ 4kDa (jLja, jj j iLl 3 AjIjS cjI jaJjj qa Ae jurull 

•~10 nm 


t(Phase Contrast Microscopy-PCM) j Tdl jjlii Ajj^ -л Lajjit j^iaj 

^ .AjJjjjBI . " Т\ ■ ---> i ojdl ^jJJ jjL jl .'.'.V I Ax-jjIa AiiLaC. LjLij jjjuljj 

ia j;g'tu Jl^! 1 «jxp 4 jJbU! Jjiic.j 6^!* 3.21 J£joil!j j-al_^.Vl j tL_ijAjV!j t jj^JI 

jiJ 4 L^ajj^JI (JjjL£a (JjJjaa ^^^Jc. (j jl jl]l ^»A*J l-li^. 1 «Qg ^ lg ')■<> f. j^. j*i£aM j 

(ja! j-U! эл*Л JjILo dilLial! ^Lj e-Luic. (leaflet) ciilijjj (j.ia.1 ^ ciLjjaJl 

iClilajial! Ajjl2i Ajjaj] jjJ! Cl2/L-aJj^Jl оЛД AjjoL! jg h"i C(J jLl SjLxj .(j jL. 4 ^! Lajjjl! 
LujjI ^Jauj jl! (J jJjola]! £3jaj djlLjjl! jjj (JjJa]1 ^_^jJ j^] (JJ3.U1 ^JjaSj]! jl 
(JlLijV 1 Я -jJg y (JA J JL^I! LiJajl CllJjj t lU] j . (jV 1 (ji^ 1 Agjlc. jlaJjaiA jl (jjAJg За 

£-a Iac.Lj Cryo-Transmission Electron Microscopy (cryo-TEM) ^ jfUl ^jjj^lVI 

(JA jj^J jj£I jj£j (jl (^Jj JaL cJjaJ V te-LoiC. A£Luuj jg 3-a'l LgiV i4_^. jJ ja <ajla 

l“ n-s \ a£Luui 11 (j a Ljajl Ig 'i£l j l 3-4 nm Я£ЬиЛ CjL Я -j . j nlll 4_^.j^ j^]! c'ilLJall L£Luoi 

^ . JaI£1L 1д U jJ (jl o J^.1 j <j] jLIa jaj] jj 4 Lial j^aj V 

CjIa jjjJLl]] I^jLoia jiJJ djLa jjjAj]jj]] (J1 £joiL/ 1 (_g-lajujjJA jl £aj 

jj£j jl ^ijjj (jUl ojl jaJI cIjL^j^ JU_a jl LiuJal j jj£j (jl L_jjkj c(Liposomes) 

Iajac. jA (273 K — 373 Kjl 0°C — 100°C S jLuha *>л!с. Jjja]! 4_^.jjjA]l 

jja. (^Э . Ялэ! la* 'll Д -ljjl jj 4£j^. jl (jjl j^. сЛ Wll 1а!_А^1 ojLV ^ i." n-s. ) ^lijjVl (j* 

^aUl l2)La. C5^j ^t4j.jnlll djj. AuaJjaJl ^ !_a_ija! j LLjJ 4^LulxJI dlL^. jAj]| CjSj j 
CfiLj (jjjjjoi Ia£j .AjjajIjjII <L-ajjaJI A-iLclI ^jjVI Lb^a. 1 g '£lj 1 4, 3aju.nl! 

4£Lua jLpjl jjc« (j jaj]jj]| ^jj j^JI jjj]! ^LpjL ^LLJl »1 w jl 4 ajLa jjjj jl ^э jjj 
j-ajL-aaJlj 4_L-aJjaJI jl j V'i * J Lua jj-a£ j c4_iaLjal (j-ajL-a^. jl aLj (jjjluj .$f t^LuixJI 
CIjI jajIjjU ^jj j^Jl (jjj]L ^,3а*ч jjc. j Lj5 LIxj jlxJJ t(_£ jIuia]! ^gi 4 f\\ aLjJ j jAi^JI 

.4£j1lu1a]1 


793 



Л)ЛаМ 1 j AaLaVI l_JjLuL JLaIL A я 4_)jjj]! CljbLjAAll jjj^Ai cWL^j 

^jjij ^Jalj .(mw — 4 kg/mol a J*) a£j1ooaJI CjIjaiIjjII ол^) 

^Ul sjl£ ( Fluorophore) ij jjla jjia “d=Luiljj Sljjil (Fluorescent labeling) cfjj^ 
^xuijll j^ial j . 30 |J,m JJ l^Jljial (Jjjjaj Uljjj ~ 1 jj,m l^c-liJjl CjI j^. J 
jla3 j! .(c_J.3.21 jUll! 4_Lail]l jlajl^ LfLiALjj (JjjL C 5 ^J LjjaII AWlc. jlCj j]l 
JljJaVI IJaaJ ^jiil Ajjijajil AjliiioiVI jji jii^ J JJI J 10 nm Jlj^. j^ jjl-ipil &U 

jj£) j! jjjll jV 1.11^. Ц-Ал11 ^ 1 т)*\а\ 1 <_£ JJ ccilli .Я~500 71?П Ajjjlill Ajl^. jjdll 

V IL^j ^ .р~Я LAj ^ p t jjAA^l i__iix-aj]l jjla (j -0 J* ь -al J ijLa jjjJjLLa ^^Э 4j_uiU 

jl ^jl tjal jl ~ 50 nm Jlj^ JjL j ^ Ua ^^ic. AlujUk ^ ^jil! 16 DNA Lj^l! <i2ij 
cojjj^I! AJLuJI a'W -\ ui t." n^k j-o jjj^j LjLj jj£ 1 IuJsjI jA DNA Ljll j *Pdna ^ 2 

.(J jL.VI djUjuill ja - 1 )Лл _\1 J jjl^Jl 4 _UiA j 


4Д)а 11)Л]1 jjjj (.d C^jjjAj]jJ! ^LuiO <ULajuI L^Laa IjLa^ l^J jl £aj 

^jil ill -LIjjjVI cJjlaj ^ .4-iLiLVL AjjLLo Uj-Ja j jj£! Ajj jJ! cjjLAxJ] A_j j! j2! 

<jjj-o j-o e-Lkjiui! <j-oj! i-JJ j j^LaII (JljIaV! Cjll jljjj]] L_fljla Ljla Я^^иьЛ] 

Я]1л. ^Э cLj| Ja£1 4_^jJ A^juliui La£ cUjjJa j <xjLo CjLtujaj jl! .^jljj]! 

4_aj3 £a LaLaj 4 а~ч ui ia j^Jaij t<juiij jjLL ^uJal j jljjj]! jljLlujl j£]j t CjLo j j jaL jj]l 
* * 

JA^Lj L_fljJUJ . Cj\-A J j JAj] Jj]! jljLiujl £.ljj ^ QVlJ ^LuliJl (j£-uj jjii ^jil! <xijJ-Ll y 

. LU.V AjjLLJ! Cj\» aAi\1 j <xj\_a]I JJC. j|jjj]l cj\ar aVi 


Яс jj-JI j AJlbii >Ъ t ; ->y vll qjj'ull 3.21 


Solvent, size, energetic, and fluidity 


jj^j (Aj jjj^II jl Ajjjjll ^ц^!) AjjjJaxJI cjLjjAl! j! AjjLL! JjIUaII c .1 jau 

^JjjaJI (jjjll ^Jajull Jj U jl jilujlj \ gjc. JJA (j]]j£j tCj\» aVi \1 l_l^.j]jijJAJ ^UMl 

16 . J jiA\ ^-jjjA jjJa^A Ла .1 J £ j^. Д -ijlijjV! Cj^jlc-Lilll j cA_mj]l Jui]! (Jj 3 j iLL-uluA] 
^э Jjuiaj \ g -N\j tLjjU]! JLUUl j-Q jjj*Jl ^^э cj^L-ajj^. JUjjj cjl,j n\\l jj-aaji c^La 
. (CHCI3 I^jj 3 jjj]£l! 4 (JLa^ I^JjJa A_i^.ljjjl j-aa_) Laj 3 £. LaC. Cj\, пЛа ^Э U]j jx Э 
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£_L-£a jJ Laa cAJ-uiLail] ^JJ jU! jjj]\j 1 A-JjIS c jixij tl -л jaC. 

. £.LJ] aj£il Aij*_>Ja UjIjaJjJ jA ft.ll.la. djiu-aJjaj (jlCjj 


"jJj" ^ IjJJ^ li^-Lia.! ojJXj-£all (Jjj-oil dlLajL jAj djldljj]]l t. <aljVi jjl (j£-aJ 
Oj£JI DjjjjaJI (Jjal!>Lul]| j-Q jjjjj! j' ftl^lj ^Ac. [ф j*Wl Lq Ij]Ic. Lg_£]j c4_iliai]l LgjjAj 
djldmlll Я]\_а. n = 5—10 C П-Ч ^(— CH 2 — CH 2 — )n jjl/ijl ССл11л dllla . j j-o <jj£-d ^Lall 
<UoLi_l-Q jj^ljj ^Э ^Jt-iJa Jidu jg J-a'i ^J! (JjajLui]! jja*j d]l_lA j£]j • Uj^-d j!£V! 
Ссмс ~exp(- Uj!>Laa1] jU! j]]l ^L*j ^.VjJa ji^Vl ^ljlVI a a_lLc.! ^ 
£jj cJ!1ajj tAjjlj^J! Яз11а]| k B T cJLgj c' п-ч .<L-ajj^_i! jlji jj_uV 1 Ljij L_uLii n8 h /k B T) 

-]а^Э CljLuaaJjaJ! Jlo dj\ x x>Vl jj£jj . J jUa]! Jji'S л £_a jJ-q jJja]] 4 j\» <JI Jc.lij]! ЯзОэ 
Alc. jjll nV I J-oj ДЛл. •Ссмс U -0 ^^g-^JajaJ! jjjj]l JaIc. jj£!jj jj£j LoAlc. 

l-2kBT biol (~4-8 pN nm) jj^ <(~ 300 K) Jlj^ Т ш Ajjj^ SjIj^ Laji 
j-o <L-£ai! Uj! j j ^jj^J! UjU. jc j-<J j Uj! jjjjli aLLJ! jj]L^-<J! Ссмс ^j! jL 

j jiLiA djU-AjCJ! jj£i <cj! c(Picomolar) jVjAjfU J! (Micromolar) jL? jajjLia 

<JxuLua Ldajl dj\ » -aVJI jjj j jJa]! ^ jC j-a j jLu UjV Cxa . CjAaJ! A_JL*JI cjJL^-xJ! ^Э 

jjij (Phospholipids) Uj! jjjJjLujiJ ojjAA jjLu LiAj! £_a ‘Ссмс £* Ujao 
MWh pLU AAj\L <JJjja. jljj! djli 4 <JjAj]jJ! j juJ! UjL^. jjj-a j-Q 0 jjj .djlc.L_J\j 
(Kinetic ^^j^. Ла^.] cUjI. jn\\l Liaj j-d cj^! j3 сз-^ ЛЬ l>° j^! j' <dj-^ cj^ 
L_i\, Ji^'Lul >>i» i сД^^а d_i*ij . j! jiloiV! Ajijj Uj\» u j j Quenching) 

j\LJ! jjf^j ^Ic. £h ц^. jNijj \ ^ » ja'ij aj jaJ jJ! 4 a L ‘ iV I LL'iVi L£jjjaiA Uj\. пЗа 


^tUt ^uVitt f 1 jj AjnJt AiUaJt 1 . 3.21 
Interfacial energy underlies self-assembly 

jj MW j! n L<ui ^Jc. \ 1<с> d uuj Д_*_ал-Л djLtA^JI djL\,Vuul jA jjj£]| 

л * f 

Uj! jLo£ jA Л£ a За uji LaLjc. c^LJi <a j\£i! A_mJ! Uj! jja jjj-J! j!£l c^^ / 1 ' 1 . 1,Q 

djliUa Lmi JAJ AjjjJ! Uj! jui jj j-J! ULia'i c di] i 4 >/ L 1 • j j\^a\I jA *4 aj A_ 1 uj! j]I ja ji! 

c^i LmJ 0.5 пш 2 Jt j^.) a jJAjjjAl! a^Loia ^jjLiIa <di j*j •£> < z h 
jA jJ£j jSl c^a j y ~ £/& -1 <LuU! ^ 'ni'l jj jJ! jji jAuj jj£j 6 (^.LJI 
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^ jjjjj ^xjLall Аллмл аЛА jj j!ill й j3 jjl jJJ .JjgJl j s-LaI! jjj ~70 TTiN /ТП 

<C.jI1a]| (JI£joiVI (JiA i4_L-aJja_ll fiLlujl L_liU. Cjl-L-aJj^. jl jljjj (jjj£j CIjIjjJJjjJ 
uillj £a . ^jLiil^jA'l j_aU! JLq ^ jill 4 aUj j j jjjA (_£ jU jjUj La S^Lc- ^cLl -Ш! 

- л 

(JjJjoIaII ^j ^jUJl L_JJJjjll fijLcl 4_i^.U. jll j aIjLJuaII lIjI jaj! Jjll ^lnn (jl £3 jJJ 

<JJk jl j3 JJaII lIjLjI V'luL/l C^aJ j}A 4 J^ixij ^ jLaljiVlj (J-aaJl lIjI jLjJ C(j!) CjUjjUl 

. AjJAjljJI l** ^ v 1 J-V \\ 

jl Ljajl £3 jLaII j -лЗ ^jjljjll ^jLa. jjsjj LjIjjjIj LJ jj^. AjiL^Aj (j-o ^aC- jlU 

* 

£_Aaj ЯИ^. ^^3 JaVI ^Lotfl jl jijjalVI £-1 JJ ^JjjU! (JjUJ ^lc. (j jl JJ 0 j5 C '^Vl 
(j^W^I Ajlkljl! jLg_^V! (^j^ (j j! J3 j i** < jjLo1! ^^jUaII JL^£ LaLaj tj^viA ^L-ajja. 
( JjUJ!) ^ ~ч ,^Lull Jai-iJall ^Aaj cAjJ^LaJ! jc. Lja jC. tlj^Aj .AjjALU! jjjUj jU^iV! 

f. Loic LjLl3 jJjj (jLl! JaJ! ^! <L-ajjaJ! Jjijl! с L-o'i <L-ajjaJ! ^LJuc. jA ^ciLil! 

Lj! Л J Luni Ajjj£ 4_L^aJj^j ^ -ч. t Л->1 Vi ^^ijj jj3 Л j^- j ^ iC j )->! j'1^1 j • ^iL^aJ j^l! 

^Ua-uill ^^3 jJ*jj Aauj ^JJ ja. ^UaLi ^ я ks~i jaI! (jjjijl! (_£ jjj 6 R jAa3 C L-Vl 

^^jtjJa ja (jjji j ЯзЦа уАа Язэ! jaI! <al£jl! л! jj .d ^Loixl! <£Lajoi ^xjjj Aa jjaj*Al! 
ЯзОэ 471 R 2 <L-ajjaJl <1 aL£1I Jj^LuiaII ^ Jc (JaL£j 1! ^Jaxj 21 .1/R 2 ^a Lj.j\Vi ujLjjj 
^aj i jjlaiAl! IJa ja .R ЯаА jc A Wuja ^Aj бҒ^ ~yd 2 47lR 2 ^ 1/R - ^JIj^. 4 j1£ (JjJ jU 
^аЗС L_lj|ja_i j!i£! j c^LaLjjJ ja jjILj ji! j\»*n ^lax a (JjW a ^З <L-aJjaJI jl 

. jj£il! S JJJ;1JJ ^ 


4<jL 




Ljlijal! CjLijLjj cU\‘i a*‘i caJLcl Ajjjliil! jjjiil! AiUa AiLjaVL 


AiUa c<L-aJ (Jja UJ^V! (JUi S j o3j^.ja 1! ^ULa-ual! аЛЛлЛА!! CjJL-aJjaJ! iiilj£j 

.4_iiauoj ^Uj! ^Ja-uiA (J^oaj c*’ ша jixAll ^ jijA JaJjjoi ^^3 L& -l^j ^^IjJI tjlljl JJjLaa jLxail 
<aUa j! ALjj ^^Э LjUjjaU! ja ЛЛС (jjUaj ^аЛС jC Luijj U-U! ^LaJI jLxajV! (_£Cjj 

ja J jjaI! ^^^.jCjA L_LjLai! u^jj .Jj^LoiaI! (jji ^jjja ^! cjLaUall AjL ^xa £.iaJ j 

* s> * 

SjjjjjoJ! cJa jaai tULLU! ^з . JUiiV! ^Lkjiiuj! ^Jj (jjU ^! <aUal! AjcL^.! <Ujj 
l_i^-a1I $. jU! j£i a qK'l ^_lc ^jjJal! La'un “flipases” jUjL (^ 1 ^ ^jc LiUjjjjjj 


<jcLilaa-aV! cjljAjljjl! jUj • ^LaII J_ajL£ o! ji ^Loic jjc (Jjja ^-jijAl ^LaII 

Lj^. Jal JjoibLui ja jjxj -^э £ j^. c^aJ (jA ( jjfLj tAjjjjaJ! j! jjV! с** ГиШ a j A xja 

м .иШ1 U. 'J&l 
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Jjiaj» ^jk > CjUjjjAjjJ) 4.21 

Polymersomes from block copolymers in aqueous solution 

AjjLa jj]la-A ^^Э 4 IjSll AjjLi} i^jjdiA jj 4dj L-ajja. ^ u*a (j ja. -U] 

4 djL-aJjaJI £-Uu-aJ ^Э S Jjd]l j-G fi jC- CjI jluJ *Ln dlLj LgJjull jC J 


AjAjjjI 


4_а1л_л]| L*i] j jjjui 4dlLinjjj]l ^LjjjI jl jjlujl ^glc JaliaJl (Jj-<U . Lgijj-a jJj CllLa j j j±ll]| 
.La^-a IJ-qC. 1лЭ1с AjkJI uil^Jjujl jlal jC-V ^JajjJL 4 la fl ja]I td]j jl 4 4djL-aJ jaJl (jklj 

JajuJjl-Q dlli J^JJjuIA 4dlljAj]jJ li^V Д -uJJJAa]! ijjjuljjll djL-aJjaJl ^ljjl (jAJtlluJj 

^gjj AiLjaVL dlljml] ^^JjjaJl jjj]l JajjjjJ-o j-o L \я x>i <1 a ^JI J^»J jj£ 1 ^^gJjja. U.JJ 

• yAijd' (jjjA tJjjj 

PS jn -poly ( isocyano-L-alanine-L-alanine ) JjaaII ls^ L? j''^ - °" Л/пп' ! 

.l_jjAa jjLj AjjLa Jajjd d )Vi ojjoiLia n 4,\'& II ^^jLj jxlJjj jc. jSLa (JLia jA 

л f 

jdVVI -injjj (Moieties) djl jLui£ (jjjau ^jl ^<4*-^ (Semi-synthetic) ^g-i^ji ^-L-aj <ll 
cjjjjjII 1ла ^jaxA'i ^ lia.V jidjj Lill j . 4 _*j±!a]! ^ Sj j^.ja]! L-alanine 

dl!jju]jj] AjjjjJ <jja]l dlLajjlaj]! j! ^gJj liA jjdu jl ^gxJl (j-<a j£] 4 (_£jaj]jj] 1 
jj£l jV (Jjaj dildjjjj]! dil JAxdo jl 4 ) uj) ^ia.jVl (^g-i^* o2j.Wxa <£jJjola 

(. flj jla (Jla ^i ctilli .Aj^uI! Ajjj^jjI! di! jxul jjI! ju jjj!1j <c.11a 11 Idljj jj£1 

AjL-£3j jjl ^il Jfl dilaakj] ^( m =30 jl m = 20 jaj] j £lj) m = 10 dc- j !>Lii А-пСала. 

^lc. dlUaJjd ^ .la,lj j! oJj^ja dlljJAjjLi]! dlljAj dl! jdc. j-o jla3 dlli SjLgUA 

.(Chiral superhelices) AjJ! jj£ iilli djLuljl ^j iiLdaVb 4 jbdaS j£d 
jjjj cLjjJ J JJ-PEO j* 4 LSII AjjLj AJJJ^JJ i£jjdlA dl! JAjljJ JLutduL 

jjl£]J Jjj - PEO JT J^ll Ajjd]|j ( 1 . 3.21 Jibll) РЕО ш -PBD n 
4_auL^a]l 0 Cjjljj lua.j]jijjA Aujlda.j jj£ 1 dljLuxaJj^. £_iuxa (jja. P EO ^ -P EE^ 
4. ‘<ljS 1.4.21 cJSxjll jjjj .Lc. jjjA ijjlu Jajjd 4 “ 1 Vt "^dlLo jjjAj]jj" ^a-uiL Lg-Jj jLuU 
. Culj j jdiA Ял -daJ A^LqjuU ^g-aul 4 x^ 1 LoiC. ^j £. La iiLdaj -llc. LuliL 4dllu j j jaj] jj u] jd 
4 4dl j\, x-aj ja. 4 lLa]I ^^Э d]jjdiA jaj]jj ju ^ajjijjj]£ (Jj]\_a_A jia. Ldaj! -i]jJ 4-*IUSj 

diLuj! j j]| jjxju .(Dialysis) *j jLu]! 4 laxxil jj 4 aii_A]l ^jji jjj]£1! jjla_A Д_1\ j\ jSd ij 

4diLoj jjjjHL l^ujliu j^-<u 4d!*U£ ^gij jdjjjj а12э <laUA jj-Q 4 q il»M Ди1 jV! 4, \Л\\ 

. jaj] jjll <-<uli <j ^SViaII jjjaull 'jdida. 4 L^ajja. Ц aIo'iL/ ^dlLul^uVI Jjii j 
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f J j _V^JJ 

g.LuiC- 


t fe) 




*Lj _j 1 t я I 


п.а. 1 Г 

Ю г 


Ajjilij 


io' ю 4 io* 




. AfW 

jU jlillj 




AjjA jaJl JjjaJI j t A 1 > j j£j j t^jAjjjAjjjj fl-JiC- AjJj LLA л 4.21 J&JJ! 
CjIjaJjj j)A AC jitdJ) (Jjjjj Jjl j! 4 jjj j jaJ_jJI Aj.JiC.yi jj AluJjJ LLA a :'j .^LujLII 
t jjL>j jjjjffl Jjj (Lj{ . (I f Uli AAjlSJI Sljjll AJLsju .eJjljl» Ajjjja. jjl j ji jj| J A£jjJla 


£au> JljjJu) jjjjjj jj> f LJiC AAL)L Alilll AjjLLI djjJbJ! jaJjj!! CjjLdjjJ. jj j£j)j 


jl j j jSjj 1 M jl w ' д jLj 3 jjliui i jS J jUu) jj jjxjj jl AuLJI JjIUaII Jjiju . (_jj2 j j 
^ ylc JjjjJI £ jJ j^I ^jjjjaJI Jjjjll Ajyjj fluiC (juajl uaU w LjL А1 ^uij . jiaij> ^La 
сй П.а. jj)jjj tujL>j jjjuljj ц1\ LjUjjjjji jj) rjljjjj ajj^j Aluajja. ujLjiLs (jjiLui! 
Aiuall uj| j tuiluajjaJlj CjLaj jjjjlll ajlc J-Lajj .(Non-aggregating) AjxLau y Auilajl 
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Jj)Wa (jb CjLaj jj-aoljJl £-iua ^)LaJ i 1 kDa jSi AjJj j^ jjl jji CjI J Jjo^ jya 

nll ^JI AalLdl AJjjaJI JjljjVI AjC ljLjxa^I j jxj . jj£I JjJ-e ljL^jJ j^ £л ^La 
ljULlUI J^a2 ^jj 4, u j*Jb 4 JSVI ^ic- .4 £jLulLo]} J*j£LuJL 4Jajjj-uil Ac- jj-aII jk jjj-uJI 

Jljjj . j^°ll jjj jjLejjjAoIj-j} Ajjlij JjtAj j ^jaJI jjj]} f LuJtj} A£La-ui Jl Jjj 4 4uH£j} 
^j]} 4 jjjj]| Auj| d jS 0 j ill iaj} ^jj jal£ jSjj 4 jjj} jHl j-a JjC- j-a jljlluiVl Luaj} 

cjLujj 

Sj^. j-Jl йЛс>Ш1 ^j j dj j*j^ ^ toljjl jj^Ij obLc.} ojj^aaII <1!LqV1 Ji I jLilujl 

^gjj S-LaII ftjlSll Aj-Ulj ^jl Л ) \ \ \ ji-uj jillj A g J uj\l <Jjulj]l 6 ^-La]} ^Э CLjLgj j JAjljjll 

jL «.<_sja2l jUxj J >=j]iUI > - 911 fhydrophiiic ~ 33% ± 10% :2Jj 13I JW) 
AjjlJ ЯдЦИ AjLla f hydrophilic < 50% язи J J.IHJI J±. JjlbjVI JUJI 

<]L^. ^Э CLiljjj^J! jj£ j jl £3 jj . l_LuiLi 1 a jjc. Лл. ^jj jjj£J!j ^LaJI ajl£]l j^JI 

язи J ^LjjjJ (jj^ u' iJ iCxAj'i* f hydrophilic >45-50% 

^tljill оЛЛ CjliAjLjja. L>akij JSJ .Aj_jli« AjjjSjji >0 f hydrophi i ic < 20 — 25% 
Cryo- jjjj з <Гп. tUlii ^L- o jLc . LUl£ I ■ -- ^jj jjLI uuu"j J^LLLI »1 > j I 
> Jjj^JI jjjll uLau jl £-л <_j Jl oLLc. ^ljJjl 200 nm-100 1^-uLi UjH ..-ijjjJ TEM 
5 nm j d » 3 nm > jLSI jjUa_« ju илшИ “LL^^L ; . 21 nm J d * 8 nm 

Ujli CslijjjJI >i uuLI U. jUa j jjiljLo lUj ((1.4.21 j5 .'Ll ijjlio ~ > j 

•LU j L o jjjj. j <>oj j jojIjjII <i±cVI (_g ]a*j lLL . LLU3I jjlLll с.Шл31 

.{MW ^ j j II (jjjL j|) (/ o LL*JI ULuoil <*jL I $jL jij o Ljxll jUl ■ U. 

MW (jJjjaJ' jj_j3Li ЯдЬилИ CjLajjjjuljJI jAjLoI 1.4.21 
MW-dependent properties of polymersomes 

Л (Dextrans) jljjjUjjl >) (Encapsulants) CjUIxju UliUl iUjl 
jJU j^jLI o jc j-o UjI jjj jjj ^ic (^JLLI j] jjjjill (JjLLI jj jfLLI 

— oL±l (Extrusion) jjj UjLjiL Sj.^ j ~100 nm (ajjUjj (ULuui^.) cjLajjjjuijj 
^jjj .(i—j.4.21 (JiUI) ~10 /rm iiLLttc. UjLLuajj^ aJU > LlliSj (UjLojjjjj] 

juxULtt >ь Ltt£ o j aLuj jjL Ajjjkctt j-ttlxj uUUL J . ^ q ^ j . ^. jj о I _»■! j V I 

AjjaILJI U. j jill j AjjjUll (Diffusivity) AjjLLLYI jLj .^.4.21 J±±]l > 
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(jjji! jLpj! £_a (j-a^Liij ^"L_ijUi]l" jc. a qli4 a) ^Lax]! <c.jja jj! ^lc. ^ ^ , 27 , 28 1 ^ Luli-li 

Laj Д_Ь jia (Jjuj jLuJ! jj LaAac. aja! jj j!i£l cjjL-aaLii]! j j£j t ciilb cs^ • (_5-L j^«Jl 

jjc. <iijjaLA 2 .S 771 N/ 771 ) y ^1лча\\ ^LaLuiAJl <jjjA l!jLujIj 3 jg Laj .cdjLujjji ^ 

0 л 

^LaJ^ 4_Lxuj!jJ jiajij ^Дп\1 ^Jajoii! ЛЛаМ 4_kJajLxAil jj! ^i) jJjoijj i^JjjaJl jj j ji! 
^.Luixi! A£Lajoj jljjj! ^a ^.^jKjaI! ^LLj^U! j!jjilujV! ^Uji . LaA-i^j пЛа\! j jAjijji! 
AjAfjjJjiuj jil! A_ijaic.V! (_3 J>ajj ^ 1 .Ljjii 10 volts y l! j-^ j (j^*j -^. ^ jL jja. ^! 

jj£! 1 g 1» ~nj d 1 g 'i^La-uj jjr kst j! ^J) LLaLuiJj Jjxj lJLj ;!1д ja jjj£j (Js! Лл. Jjc. 
‘es^ “JJJ^ !Ia ^iuil ^JauJI Ла. jjUL A.1XJ .L_JjJxi! J LjjLlajll <jJajC. 

^gJbj — ^tA-JjalC-V! (J^L ^^jLujjJ! ^.^MI cduLull (JjA A-i^Lja) Ljjjlc-lij JU.i J-4J 

3Q 

lIiLo j j jjji <JU. ^Э ^^jia. LilLii La 1 jjL 1 g \*\\ j Jjjia j-oj Л1 а l_g_i L_fljixA fi j^£ 

j LJcl J!iLk sUI (Permeation) Jiiij Jjii lJj^- 

(jjoiJJ La jAj cUajaJA Ljal д~ч 'il 1 х>>д*ч*)А (Jiii (JjxA i nl jLujjii! <JjoiC.L AjjLa c j^Jal 
jjjl! <ijjJa <La1uj g » n U1 ja.1 (jiil Jj lUjjjjjii! ^JU. SjSLiAil LjLujLii! £_a 

^ljLc-V! jl jA jV! (.jU JiLuj! jjl! ja LUj) j!i£l jg 3aj La . Liil n\\l jA ^jnjaJl 

!U ^э . Яс. jjaJ! c. Vig \ l^iJUl lIjj^ Laa (_]э! jljjj-ujV! l \ I^JJja! djja. лэ aj jj^H 
<juiii L^ji! ^ 4_iL/ 4jU\l a_iLc.1 ^ ^UiAjU I jjja Lj£a JjjjIujjI j^J! j^jj tjLjuiil 


10 


LfT^ 


(5 JWUi <Lli JH£ ji t Jii£J! ьИяла lj! jaU jj (j-4 Lj^jLuaj^ 2.4.21 

Vesicles from muliblock copolymers or bio-degradable blocks 

l_£U ДлЭ jAjJa j’ jjij <]j<J! AjiiX Я£ j'u'iA lj1jaj]jj оЛс. jl j.Iii 

сЛ* 15 ^(JsVl . 4 Ag a (_^jj ^Luixil (j^ajl >/r\ ^ cjjlijLlkVI t ll iU j j jaL jLI 

“Pluronic” Ui jjjL ^jujL AijjxAll AjjULI! 4 _!U ]1 ljLj!>L ja оЛ^.1 j 

Jji jajI JJ JA Lnjuij S JjUll AjJa-uJjl! Ali£ll Ljjljj 4 (PE0 5 — РРО б8 — PE0 5 ) 
L^jSLajui Lfuij Aii3j A.iuic.1 ljII £.Uil ^Э ojjx-ua CjjjL-aJja. б(РРО) (j-iJ-iJj jiJl Aiui^jl 
oj£ ^_a.jVI (_ 3 -U 0 jLii jjAxj .1а^Э Ljlc.Lui оЛх] ^aj^J 1 jl jijjuil j d = 3 — 5 ПШ 

<iiill LjjLliaJju^V in\l ^Jajuiil ^Э £uJa J^ll J e-Ui] L_flJXjJail PPO ^ )a * n jil 4 \'\\\\ 
fhydrophilic “ЦЙ У ‘^Lali L-l^ Jlia Jl jj^-oijVI (jjjij (jJJJ i J*ilb . Ja^jll 
<аэ! jaJI 4 Ajqll (JU-A ^э ^ij Cjj^L-ajja-ii (JjSaJI (jjliil (J j_j-aJI ^ jJ j^i <аэ! jaJI 


800 



jil f hydrophilic LSJ ^ ' 

ja2jj ja £.La 11 ijb jl£ ^gJajoi j 4 _Jj£ ja c alljj j (~ 40%) UjL nilL juj 

Jjj jajIjj jA c-LaI! (JbLajbU jjjLli ^jjjL^j ((PDMS) (jLu^jluj (Jjjja (jijj^jj 
^.Aiunll (jjjLli CjbLj^LiA ^jljAjj jlj^jjj ((PMOXA) jjljjLui^jl Цих 0 - 2) 
CjI jaj! jjII ja-n AjjA ja. Aj-usaLk jA jail jjjil Ц5-Э (_£ jaj! jjII Cjjjjj]! 

(jl ^gic- (J*lj Laa tciljliuiA]l jaUjjII I jA 4_11л. ^x-uj! j j-aLk Aa. jj jAj t A jc- 1 jlax-aVI 
^ic. (JLa (Jjl (jj б! jjklj . CliLl x^aJ jail jj£j (^gic. IjjjL l-li (Jjaj V (JjjjI jjll Clilujjll 

4 (j^LluJ ^gi jJ (JA J PEO (j-e < il JA 4 LSll ^g-ujl А*Ч 4 CjbLaJ jail (j jLa (jl JJJOLA JAjl Jj 

^al ji?j JIaj^V' ^лс (j-o jjj£j jj i-iijjj£JVI Я -jjg ^ aII jl ^a (jllij 4^1а1лЬ11 jji- 0 

.S jl^JlA 

L^,jjJaj jA^j LjII a» aViaII AjLSII A£jjLa1I cIjIjajIjjII 4 jj A j S jL j jl 
L_lullll CIjI i A£jjLa1I CIjI JAjIjjII (jA-uJj I jAj . AlulLll А -iAjjjAjl Jjll 4 A A iV I ^JaIx^I 1 

PPS (J^ (jj^Jj (j^ijjjj) Jjj Л PPS j* jj LllUk (PEO-PPS) (j-a iuU^Loll 

и # 35 # 

Ajiiill A£ jUIaII UjI jaj! jjII (jl L_fl j J*- a 1I (j-o • Uuj£ jaII i^Kqjll I ЛаИ c" п*ч (jA <Ua jC. 

^^UjjLiA ^uai jjjll jjLSll i-jjj-o jA j_fj^ll ^auail Uj|j ((PLA)*iil£V Jjj -PEO) (j-o 
(Hydrolytic u (^jLaI! jKqjll ^-Uajc. -iii£V J jjII jV Sjjj£ 4_iaa! UjIj l$il j 

.. ? m 

jjaull Lulj jjalixJ! Jl^A ^uuj! j (jLkj ^gic. uijuJ i_uu aLk ^j tbiodegradation) 
<Lli ci!L-ajja. jLaJj (jlLaVL <з! j^jj iA^lc. j 37 .(Controlled release) ^SWaII 
^ULjl! ^jiiuj j ^(Encapsulants) LjUI» аЧ ^j ^SvIaII jjjaLl! JLax1Lui!>U Ljja. JlVil 

^ . Uj! «Imll! Я11_а! A^jLLa ftiydrophilic Llijl£ lil JxUL jLaa ja! !лд j! ^! A-ijVI 

Aj-uipVIj ^l^^l Aiu jl jSIujVI j Sf Lut^il L-iJjj 5.21 
Stiffness and stability tuning of worms and membranes 

l^_i! 4dj£lj Ja jjjjj (j-o V*^ (jsjjA JL^a iajjjuj c* ] VI AjjjU! Uj^L.1a]I jg Aj 
^gi Aillc. 38 .(jajj]| Cllai Uj! jajIjJI LJUi! Ajjlajll £_a LjjL (jiij iijjlaj nVujj 
Jj! jjj t(Coverslip) A_i^.L^. jll (j-aa-al! Aa-ij-uj ^UaC. ^gic. S.lia.j 4 j jjc. (jl.ia.VI jlaxj 
<Jaaj jA L-JjilL (jjjJa! Laj! Л (jj! jai! l-^j j^j jja. (jj^Jj t(Jlc* (j3^J 1 Vl (jljjU! ЛЛаЬ 

JaLiiV Aij£U! UjjjVil (jc. ^LjaS AlaJxjjl! 4 A^^LaII jJujj • ('•5.21 (JS x'jll j (jL-aliV! 

(jsljJJ LaJ (jj jSjaII jjj ip cAajajJ j! UjLj (Jjia ^j! taj^lj 4 fljjla (J3a C_jlkjll 
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jlj JjI^jlII jj£ aAjI^. jjl ^.jjjjj]! jj*jj (j-o djljjLijll £-о 

V (Boundary condition) Lpa. IL jL ajA^ij (j]*j jl j-a V^j (j]jl u' (j^jja31 

^aLol Ла*.-У) jj| j^>aj Jjl -^J-j]l (jl ^-Ual jll (j-o t j£!j . dj(j\.>u*)V I й ЛА ^^3 4 ~\ x>il j jg (-a'i 

* 2 

^-Uaj .1 mN/m (j-o S x jj jj (jj 3 jjajiLu) LgjL jLL jl j^-oj 1 -^ A 3 Lc. (js-ii 3 j^> 

.a£-ujLq!Lq jl.jj3! )aiV) ^jj]! У ^-aj3 (^j^I l-i^. !Ал 



4-ua j j*-a AAjHa]! AjS jjII 4iIc-V! (!) .JjflJj ljaj 4Js1j ^ ADlc- AjJjJ Ljjblj 5.21 JluJ! 

" ч> * 

(_JaLuj ^.JC- .(jljjV! (jj-uaj AJUi! dlC'juJ! ‘(jjj-a (jSHi! 4 s > j^m Ja-uj jIq . 4£jLulLq jjC- (j! JL j^j 
A£ jLutle D J jU JIulLq LJfljlc (uj) .S jL Я1э! jlei! «UilajV! £-a (ji! jla D-i^i clllijj Cjaj D JjU! 

(jj (jiL 14 £-^j3! (jj) (jini! lj^j Д -aIHujV! ^jUflj (jli! fLUJV! M-aj-ajJ .^jSjj lj^j 

. (Elsevier Science 


^_JL-aj]| L^Injjj]! 3 L^Aj ^LJ] 4Ajl£J! PBD ^^э -L^jjjAll iajljj]! ^lajuI 
3 *-^. ^ 3 ]Lj (j^Aj 40 .dJ j 3 ! (j jj (Ji.!j ^Jl jjLuo (^э j^Jl j.i^JL Dj-alj]! (jjjJa (jc. 
*) \c~- (j^]j l 4 v ^ Ло \ 4_£jLJlJ 4jja3jJ J L ... L .. . 4 -v -\ ^ 4 i ^ j I j! jSU jj^I j! 3! 

(J£j 1 ]|) AjjjIa a£jLLl!a d^£ jlip j^-Lj La Ь](с. .(Mesoscopic) ^.A-a^ j (_>uLAa 

^э dJj 3 ! g .1 Wil ^LjI s! jjJ! (Jl.!^ Sj^Ij]! jN ^JaLuijj ILa ^Aj .(l_j. 5.21 

* 

di^A (JaI£ 1 L a£jLul!a jl.ii.j jjLojj 6 ( 3 ^^ o At -s-i (jjLtjj Lo ^Ja^j ^э ( 3 ]*j LaAjc. .Jjl^ll 
j-gj^NI (^jij LujAj jjLj jjij LAa ^ll^jl (j! $.LL ^»ic. £_* й (jjW" , i]l 4 3 aq') 3 j^. jjjj j 


uiL Ua j jlL! 


(JjLIa ^jjL^J jjc. (juaAj ^^Jc. tA^jLuilLlj <xjL 3! jlljjl Lc. jj £JJJ 

£-й PEE ^J-ULA 3jJjuLA JAj]jJ Ljjl-A A Ч jV) j^AJ (jj! D^LuljJ] jaIuia ^ jiio 

£A A£j1uLa]I Cl! JAj] Jj]l (j-Q (jLc. jj]l jllA (jjajC. .t3jJjuLii] (JjL PBD t3jluLA JAj]jJ 
jj3L jl_^-A fil.L>C.y PBD jaLjJ j\ \ u*In Luaj! ^ULj j j^j ;3a1A]L ^ j-a!] -LLL AjIuc.! 
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jA 4c j 3 l.^a1! AjLcV! j j!.lJ.U! aJL^. ^S ^ .6£.Lul^J! J j!jiljujU ^LullV! jA <juij 
^Lua jU jjLq (Percolation) cJLU j^U^j c<ELua а_а1з j^. jl jjl ciili a£jULq С1з1 j-gjI jj 

AJU. .(~20%) PBD J^U jJ Lnjmj ajjiu-a J_J j-q jjjuj£ ^jc. ( Лла p] Л^-1 Ul\ W 

Aj^j-qUjJ djl_ijl£-xaj £jq i' iL^ ^JI £_jIa j* tjLuVI (J^U.1 4_iui VLJjl L&-<iJ c jl^jUI 
4 _iLcV! aJL. ^i .Lg_jjL jl (Transition point) JLijVI <Iaij Ljc. <^.jjaa1I jIljlII Уа^а 
AJjuiC-VI 4-1a ^^jj! jA JLjJI c." 1 Vl jl jilmVI jl jul tA^JJjJuJI <JJAj]jUI 

Lj.wa U.Uj Vj ojaIUI Д_ЬШ1 cJmu\\\ c^Lujn jL ILLU jjjjj Laa 4A^LulLUI 

aJIjI j£ajj t^jjijjjl£JI ^ Ijljiijjm! cUjjjuu]! <aLU! Ai^Laxil Cu-L-aj^L! djj^Ja! 

aj^Iajui (j-U! filjUI e.Luc (jjjij j! jj^j ajj^La ujLj]L l)-Lo А_ии]| Sjcjj aILu]! 
ja Я -JLk <xjja djljjj^jA aLc. L^L.Luia ^jil! Ajjuic-V! jl 0jLljl! (JL $~9 tvtl 

^£jLujj1! cUjjjujji! jc. Яа1с. (jjj Дс. jVLll ^L u ; inll ^uLi ^ La»*l t(JiVI .l_jjj*J! 

.LjIL a * a-naII AjjjLl! ^! (J^Ij 

Vesicles in industry ^LLuaJl ££Laij*A\ 6.21 

С1з1с!_пШ! J (J ЗаУз11 С1з! JjJa^jjjulA jjjV! dj'V l^J jL! jjlaj jl£ Lajj 

AjL^jaI! Сз! jLlkV! j-o djljjjui ^Lj Sjj^V! ^з ^Sjja ^a a_L!jU! 

Д L^aI! AjaULIIj! <Lui1a]! djLojjjjj]]! jj с" n\»n tti]]j ^a •'Ц-й j^^U! djLil j-U! j 
c^jixj]! j с^-аШ! ^LiiV! j сЯлШ^а]! <a]£j]l uLc ^^Ac jLLjjuU] aL l>»a (JaIjxj 

j! 4j*_La ja]I uj\_ajjlaj]l Я]Ш ^^3 .Ajjjjja Aj]Ll 3 ^lc cUli jji uj ljAjjj 4jIj5JjuiV!j 

jlxja Лниу! ujl^.! (Novasomes) ujIa jjlijjl! jj£i Uuj t Ц за-чМ! ujI jl^Vhda 
J jull AjLla Jl Jii ja j d ;;;< jJI (Niosomes) sliLo jjjJ 1 " ^ilLUI 

JlU iiu (ji ji»j 43 .(Emulsifications) UiU I CjbbLUuVI (>л JjJjJ ^ Jl 
(Vesicle 4 jj ■ .ajjaJl .1 qli ..11 Jj jj jj*JI j jiil ^a iljJI o jjjj diljjuljjll 

. ^JLjaUJ I encapsulators) 

3i ja_ 4 jJl Jj AailUI AJjble AjjUjj JjcLL 7.21 

Additional polymer interactions and other hollow shells 

JjjujI 1 ; j й-<и jl '.j^ ^ J jjq CjH. jJ Jjj jji lIjLoj jjjjlll л L . -л jj jLjj 
ViLila lilc-lij i. (u>i' Hjj ^jll Phosphatidylcholines jj j<K\nU.uja3l Jla AlaUI 

4x- jL—ojl CjH x^jjaJI j j L'. .y c ^jjJI ^Jajoi]! JJjJ "j j5 ^JI "S '1 - >. ^ll 4 . : ‘.\l jl jjI 
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(_]1л A^Jajx-a Д К . « Ijj «(Surfactants) JJjJi j^Jij (JaIjC- (jji 

4_ljjjjl£JI ^^aJauJl jJjj]l j>ijqV) (JaIjC. jl Ailj^ll 41 (pH) ^uCajA^'l J_ajj С1з1 j 4jlAj]| 
jjia jjfL V jS 4 J C.Lj£^]| ^Jc. 1&-J-AJC.I Д -ljl VVuJ 4 4 ^Ajj Jj-j^ \ J 

<jjj jV^ S jill jja -л (_£j l_Luj 11 a jjla a ^Э ajJJ^ 4д1а1л 4 а)УзУ 1 oj^J <L-aJjaJl 

J^jJuLJI CjIj-gjIjjII . jjifljjuiA jjjJ*j-Q 1 AgjL-ai jjaLja-o (pH) 4_uajAaJI Jjajj] jal J 
ciLij jiLoJI jiaaa. jj jjLlui J jJI j jjLjjj cJjjjj J jJI (Diblock) ^Jj^II AjjIjJI 
o j jxjLJI AjjJjj^II dil jajIjjII J3 Д -ujIjJ JjVI Д ^ Ji jaII t(PEE-PSSH) 
AjJj^II a£jjLuJI С1з1 jaJ jjJI ja jjj*JI jjj-al j£-(uJI j-o j£]j 46 4 (Polyelectrolyte) 
j| ^^cAjijJa AjjJjj^ С1з1 jajIjJ Д -JjLq ^IjJ j£aJ ЬИаЭ .JjsLueaVI 0 jl j-Jlj 4jja-uuJI 

.0 jjja. A jL^ajja. ^aJAL-aJ ^L^Jj jjuaA jj£j 

Яа -Lal j jJC- AjiuaJjaJI AjjoiC-VI aIuJuJI <Jjja С1з1 jjjIj Luiajl (Jl jj Lo j 
jl ^Jj (Juj jLuJI (JjaJ 4 A jLSIl A£jjLuJI С1з1 jaJ jjII AjaJlaj-all jl jiaj/ 1 ^Э . jV I ^ja. 
^Luajl С1з1 jaJ jJI ^""за" . ^jjjll ^JauJI JJjj SjAJ 1 jL °l a.Vu<aj LnJ-a ^jj-uaxui jj^J 
ajjLalLJI jjlauJI (Jxa-J L_iJuajj]l (JjaJj ^(JjjL c>(_£ j> (_£ I (JLcj 1 ' LiuuJJj Ijja-o 

b cjja. 4 d ~ MW b ojja (Fractal scaling) L jj^ 1 a j>Vi jjjL ^^Jaxj . 4 _Lkuaj 
c")'ax'LJ . b — 1 Ljj-iL (J^juJI JjjLiuaall CjI jaj] jjII ДЛ_а ^ib — 0.5 — 0.66 (_£jLuj 
jj]jjj£ (Jjnq'l ja <iLa 4j'q'^ cj| jjAjj JA 4 ^4jaAVI CjI j а! j£]| JjjIjJI CjI jaj] jjII (J Ла.1 
jjjjLlui ^J jjII £-a c^L — 4 jLL jaJjj ^ u^i' (Phenylquinoline) 
<a±la jj Vjj) <а±!а ]1 AjClal ojI^-Ia £jlj3 (Jjll ^PS300“PPQ50 (_>Д jn^iV'l 4-a.j 

ц^Э ^1_а1лЬ1] 0 JJJj]l CjLqjui]! (_£ja.j .C_JJAa]I (JA L_Lu 1JJJ Ljjjc. ^4_LaljjA Ajuic.1 jl Jjjljj 

LuJJ (J jll (jjl jjj^ (Jj1j 3 (^gJjjl! Д -SLa jjjaJ! Д_п j-Lall J^Liual! jl jij ^Ual]| 1лА 

jjj£j AjjI^aIj 4 '"iS'l ^Ln]! jaj]jj]| ICA ^-ajJ 4 ^C. I 6 jjj-ai . Cj'x а>"з'Ь j-aLa l_3j1ujIj 
СЭ 40 Ca.1 j Ajjxua j ja. j ja ^aC. j]l ^Jc. 4 (JS jj'l Ajjjj -аЭ AjujLa (Juj^ILuj ja <L-aJjaJI 
AjjLaC. Д -Sjj AjLli ^ jc. ^ibj VI 4 c LaI] 4Д jl£ <lujLa Д -Ljia (Jj£ ДЛиа ^Э <*-Э jJa jj£j 
Cj])LuaJjaJI jj£! cAVVujAj CjVLa]l ja> tdJj j ^l^jlja. JpLcJj c-LlajVI ^^gJc. 

.a£L * Jl 


Ajjj^jj jl jjjj 2.21 (JS Li'l o jixuJI AjLJI JaJJaJI ^^jj ol£la-A jj ^IjjL-I j 

JIaC. 1 (jJJJ . Igj'c. jjJJ ji ^gj]l <Jjx_ua]lj c" u j' J^jJuIa Ajjaj] jJ AjJjc.1 (_Jal j oljja-A 
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f ^а-}Э £a 1.21 (J^-uJ! <^uJajA ^jJjula CuIjaJjJ ja 0jIja j! 4-C.j-uU Дх -jlj 
£* <jLoj CIjI 1 jjj£ ^Э 3ajj4 ^^jj ^ij lu j jla (Ju-a^jj jjl j^AJ <a2-La Д -jJaJ jC. 

*Luu£ll j 4_Jj£Lua]I (j-ajill (jA ^j^xJI (j-^j .2.21 (J£2J! (Snapshots) CjUail 

(jjjla (jC. t^jLlA (d]jj clj-<2aC.I ClLjLuaJjaJ! (j-o (jlAjUI jjla (Jj -аЭ (Jx^. ^Э Ajjj^jjII 

Uj -аЭ j^AJ * y jL^aII l-la. <alia-A ^aJ3j JJJ^ (JS Л‘п Я1э1 jIa jjC. S-La]] AAjI£ (Jj£ £_ju-a 

. > f 

(jjJj£ jjjlall ^ А-<и1э AjjudC- 1 (J^l j L-JC. jJjoJ (jl (jjJj£jJ,Jg,]| ^gJc. <-<и1э (j! jjj 

Aj jajIjJ (jl-lp (jJj£i oLaul ^ JJJ^J 4ujxu-a Jj£l CuL.lau j-o^J .(Ғ1иОГОСагЬоп) 
^Э .^LaVI ^Luxi! ^xijJ (jl ^aJ (j-o Ig iSaJj 4.1^1 j (jl ^Э 1 jljx jiq'l ^Vn Аил. ^jLjola 
<-<u3j Lg_i3jla (j-l^j -1х Ссмс cJLa'i 'iCjC jjj^j (^ Д_^.1_^. tULiA ;3 ^juii! (jLiuJ 

^ j]| 1^x21 jAja. jA I1 a 4(jilj .J^-VI 1 — S jlall С смс (JJ^.1 

CjUI (JLaxjj-^iL .2.21 (jSi'jll (^Э A_ilaJI 4. j $.!jj ^ VL (jUI AjjjaJI CuIjauIjjI] 

СЭ (j£j ^al IJjj f. J-UI (Jjauj (jl (j^AJ 4(^JLi]l ^a-uli]l Jjd^LlluJ ^jj]! l— fll .^"uxiVI j ^Jj-oaJl 

ojaL ^Ja-ujljJ ^a-uiaJI (^Э с <>*ч jj PEO— PLA (j-Q (J^lau!)U JJjI -Э Ah-ajj^. ( Lxj t." iVq Vi 

ц^Э i._ JlA'i Яэ1 jl ^ajj (Jua LUjILiaII ^хЭ ja]| (^Э 4uj! jj <]ja^. Jjjau (J^l j)A AjJ jJ 
(j-o (j-alau]l (Jja 4_ilu]| Cul ajjJaj]! ^Э jLiUI & I jjui Лл. ^Jc. Lj.W-a j j£j L5 j . jjjl J-JJI 

.(J J^VI CuLjjiaj]l j)A -IjCxIIj AjjjaJI ^ajAjuil 

AjjjUI uAjUsJIj X-a A,j пП1 ^jk*U| 8.21 

Interfacing biological structures and functions 

J 3-5 nm ^liijL <ial£ «.Lilc. 1 " '' ~'/'j j' ^ з! i_sj^ tL. lc. jj л LU. J 

jlil jUUa JaVl Jc ULa 49 .USI jla laUSI (d ~ Юпш) PDMS - PMOXA UUci 

JjuiXull )ааг X-O (j£uU (1) • (jjjjjJ! ^IjUa! (jjl,g.JUj AjjaJjj]! AujoiC-VI ^JvL (j-Q 
(J ja. (Jj-aajj jl ajjxj-all (JjujLuill (JjajIjjII Cju-uull ^ijuj (lu) 4jjj£ (J^-uU AjjajJjJI 
CuLulJ Jjill £_A (Jlx3 (J^joU (jixjj (jl Д aV<1a 1I Ди jji]| Clllujj J Jj]] (j£-<U • £ Luix]l (jjj J JJ 

4jjaj]jj]I <L-ajjaJI (J^.lj ^j (viral DNA) (^^-uijjjiil Lj]l ja <]ja*y 11 (Jij (Jg ujj 
^ala^j JajjoU DNA LJI (Juuajj AuIaC. u_aLuj£jjoil La^_a j.jjj 6 (* jilallu ^^.(1.6.21 (jSxiill) 
4uauJaluj]| d jJaaII j-ajL-aaJI (JIaxjjuI j£-<u iLjajl ^-uiLul jjLiIa (j-o . jj jajJI UjLJI 
1^иЭ jj jj J&\ Aulkl j]l Ja jxjJall Cul jjCSj -li£lul AjjajJjjJI CujL-aJjaJl Axju jaJI ДиЭ jajII j 

.4 ilx-<J! (J jjjll J j*> А*Ч II 
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Jj »■>'■ | ij .SLiaJt jtJC' £j> yiu jat jj ^a JjjaII AjjUjjJ) <ub?ifl 6.21 JLuJI 

^jJtUa j jja Jjjjjjj ^jc jiaj aJjU) ^jjiLi Л !jjjjj> j-sjIjj AiudjjaJ jj jjj£ sAcLuuu 
^jJju jjuIjj — jjjjjj jjajb |U‘j ' .AJjUjj jJ ijjjJ j . jjl_4j jjjjlll AJLa ...v. ‘AjLuiC 

(jjjaJI jJSl jjII AujIjJ (^) uuuaSI) Ajjju jjjb ju JilJ fL«\THF Jjlau <_^а Auuui JjuaII 
^a jjLa j jjjuJjJI jjjJj jjjuii/l JjLauuJaVI JjJ 6,54 .PEO Auula jjLajjjjuI jjI 
jjLajjjjjU! jj sJjujji!) AlajVI u Ajjliui! Jjla jjjJjI) jaC i jjjaj j) Js. Jja. ;rj>u 
ju jjLajjjAjijJ Cryo-TEM Sjjufl jA (jJLuI! (»AjjIf jjau J7 jAaII JSjjJI 4 ". AjJjLuuiTI 
t P iA aiL»c jjLAjjjjuI jj jjjul! ^jil jLjjjuajil jLLjjiUI jlijjjUI jjji . ~100 птп 
R jjjju .(5 J ИТП jiaLij (jjjjjA jjaju» Ajauljj N (AuajlL Auii. Aus juLu J& ACjjaju 
a > la aII Al»jVI jJu _ jtf- LejSLJI , Л uibLuajjali JjjLui jLuala! jja ,f| jua. ^J AjIL J\ 
(6 ^^j>ail ju) AjjjjlL LuLaj uiLnjjjjui jjI! ^bLL) jja, ujlcLuJ) cj ) jjuic jjjj) jxj Laaj 

.((bjkil aLLL AjIjjjiV) Ajajlj!) jj> jjlu 
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Лтп11 ^Lj ‘LjP* 4 *" 4_ili^]l j'ludl CjIjaJ jJI ^lc. Lc. AjAaJ £_-q 

(Jjli J tLlAjjjl Jajuij jjjjjj ^JI PS40 'LLullu) Li^jLujj LlaJj o jjLojj dljJ jj JaJJ toblc-l 
J^) ( fhyaropnuic ~ 50%) MW = 40 kDa >> ujj (#5 *U1I J J>£U 
jl ^JLix-a ^^Jc. (Jjx-a^»H 5 ^. j£_jJ|— ^ jCjC d2>Li-Q (jaljxJI ^lj c j jL-oil ^a . (l_i. 6.21 
L^,jjJa j J-aLxII SjfLall j-o£j tdL £-q .jjJal PS (Jjj!>Lu) ciiJj с * Jlvn ла t cjyl, x^>j j^. 
jjLa-oll в ^aJ jiVI (^jJj 4 Vnx) A ^ajjjVI Lg-iS JJAJ ^ajjiVI оЛ»1л11л CjVI-L»jj (_jJc* (Jjj»-adl 
■ jmn jJI »1 j» 1 aj j jjCall l_jj£jj]I .4j« x-oj-q Ajj»jajl 4-Luluj ^ <j jLCLq tl j^. ^Ia j 
jjlVJI jitJ»uj (j]]l Cll!jldij]| j-o »li.lx]l jjj j-o j^jldij LoA CjLo jjjJJjll da-u)ljJ 

jxSj 1 ^ 4 LlAJ jjl I ^ jQ j» 0*1 J I j'C 1 ^ (JjLui^jj ^JJJ^jj 4 J*y JJ jWl LlC^jI jL»OJ 

4 П-Ч^ II Jjjjlill J jJaII CllU jC j»o J J^. 10 i(gylcocalyx) jjAj] 1£ jliic jA Jjj^. c-LjC. 

.аЛА LjJJl 

jijL (J j .Lil jl 1лс J L»Cajl CllLoj j jaj] jjII (_£. 1 jj ПлуЬм JJ^I J jJ^. -Uuj ^ 

0 jLij Л jlijd Ajja^I S jjd ^ 53 ~100 nm Jjlaj PEO-PEE cjLojjjAjljj 

(Stealth liposomes) AjIXujVI CjLojjjjjll AiiljAll dill U a^jLLa (^.6.21 lUJI) 
"ajaxL" l2>Lk ^ AxJjja ^gVnj 4x.l_u) 20 (j) 1 5 j-o l_j jlij Lo jj«L (jlll 

c % JLa'n i 4 jjl jVo (jliid l_i jjil) CjUjc Cj»jcLu) ^.(JLdall j ±&1\ ^ (Phagocytic) 
c(jr.4.21 jS л’Л A^,jAa]I ojjj_dl) LbLdl j* 4 j]U Ajjac Loj!^L л 4jL-ia^. 

LojjLll jjjjjj ^l jjj C' п«ч CliLo jjjjjllL 4 g j u‘j]l S jkj-oll 4 JI jVI dll jc i__Ludl 
ja jJ .4_ilk]l jL-dJI L-aIIia'I 4jL^j la-u)jjJj 5 ^с^ jjj-oj]jj]l ^LjC. ^lc LJaJ Lo£l jj 
( j jj^. ^LLc jLo Lo ^gJI ^xi j-o (J-oxjj й jjjjuiil VL-3 I j-iL.L PEO jaj]jj iLuiji 

л 

£ jlajj (Jjjdl L_ila]l CllLoj j jaj]jj]| 4_j Лзи Lo ^lc. g. jxCall 0 jLll]l La'tCl . j jS J 1L£ jS j lc* 

?D^i 2 k CllVU-O j-Q jkjjj liLo t JjLiiil 


Summary 


>> 9.21 


.id j l_S.1A iC]La c4jj-oj] jjil ^iajCJI 4 aL'iI ^^3 jjlaliil j _j_j' jli-dl L-flluiS'ujVI £-q 
j jA J jJC. Cj i j jlaj ^jJl 4_ix_nla]l 4_ildl 4 аЗ -V'iI (jajLaj. (J j^. £-u) jj]| jA j-ol£ 

j-o Cj^xJI al£U-o 4 jLqL j^-oj 4 jI t JLo]l Jjjju) ^lc. ( L^-ujal j CllL U j . Lgja-ida jj j 
t jjj jjJI (J-ol£j C(Jj-q) 4juSjj 4jj-oj] jj CU x-ojjJa. 4_La-u)l jj 4_ijjdl 4_iiuC.VI Clil jjjjju) 
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I** Uj.nl 4 jjJ*v\I j! bjajl ^uJal j]l jA . ^Д1э! j-all 6(_£jjj]| (jjaA^J! c. <>j\»*i t^-LoJjVI 

AjS\£ CjLill c. <а \ зе * j IgjV Ulli^ jj£i jl (J) ^Ll^J V lg ‘N\ j . (jjl jjll V J jl jilajU Aj]j-qI 
4 J jj ^j-ujjjllj . jl'q'Jl jjjli J^V! ^j^i-U! (Jx] . AS j Via Aj^jaIjjj Я]\_^. JaLa^J] 
^3j . Л L*oll cjljjj Cjl^jjjjll! 4_A.Jij (jU! J jJaI! ^jjjU! L_l]li]l jA J^jj-ulA Cj!jaj]jJ 
tlgjj'clijj 4 4 jjaj 3 jj]l Ajjjjjjl! j ;^^jj j^J! Igjjj LJJ^. j-Q Ajjaj]jj]| j! jaI! ^ jJJ $. jUa 
’oI£L^-a]I L-flJl^J Ajjjlj ^^^jj] (jj'Ll! ^XJaVIII 4lliJ Ajjaj] JJ AjjHa] j^AJ 4 ^_li£ jl3! lg_C Jjjj 

.0 jjj£ CjIjI^a! j3 jj jl AjjjjJI 


Questions 


А1л^\ 


1 mL jjia3 л jq^k a ^Ja-ujl jj jjjuiHl! _iV ^э jiVi .s-Ia]! j-o jjjjj^ jjjail^ (JaIj - 1 
0.5 mL Ljiaa ^gjLJ! (jU^l! ^ jivij 4 ^!jjL^a jiial! jjajialJ ^jiLjj i *-yj l>° 

• jj-) j]! j-^ j-o 

^LaV L-bui^.1 4 y = 40 mN/m s-L> — cjjj ^^-Ijj b ^L»i jjjj o ji j^jii! -| 

. jli JJua JA LoA U£ jj-Q\,ia‘i' A-jjj]! 4 jLnill AiLL]! 

4(jlxsLiaj]l _lV jj* jj I oLC-Luia Vl_iil£ Ljj fiLlilaC.! 15! ^Uaj j^] jk^a^kj liLo — L_J 

jj! . jj*jj V jj.V!j 

4 H-O-H ^Laj jjauu£ j! Jj! J! jijaj jjJj^jj-liA jA Clj-i j]l j! ^! ! j]jj — cj 
jjaJ! Cj\jjjii]V! ^ jj j* jjj Aj^jLuj V eljLcLij ^^Э ^juiij jjii (JcLijj 

j! j-uj jl JjU. 4<a^.L1a]! oLiaI] L-jUaiiiuiV ! aj^j-U! cj\,*n-4 jj, \) g.\l j jj^ ui^OU 

.y jIlLU! (JjjLuj! ^a-ujjJ 


jc. <liluiA Ajjj£ 4_L-aJjaJ 4 p c 4^jjjjij]l jl g.\ W *iVI AiUa ^gJLoaJ j! jjjj -iJ — 2 
jA 47lR 2 j! ^jja! jl! j-Q jja. ^ .F c ~ yd 2 47lR 2 Xl/R 2 jV R <L^aJjaJI jia3 

^gjuJaj-U! ^jiUI AiUa jA F(-< ~ yd^Xl/R^ L-Jj-uia]! j-uaL^j 4 4_luaJjaJ! J-^Luia 

li! Lo .d 4 ^LuJl]! J^Lajujj (1/R) ^jjjjiU! ^xjjaJ j\a*n ^uJalj (jV‘j ^jil! 
jjjUi-dj k B T(~4xlO’ 21 J) 5jjLLo J! ^jaI! ^Lla-j ^UxjJajA ^ Wn ^Lic. jl£ 

.^gjjj]! ^JajuJI j-Q jjj-U! jiajC.j £jLa £ LuiC- ^ W\ 4yd 2 4AiUa]l 
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^LiuxAlj d = 4 nm 4 j£La_uj ^^5 j-a j (j-iml ^LLxJ yd 1 2 3 4 /kgT l_jjol^.I — I 

^ ^ 1л£ y = 25 mN/m (J^xjjoiI ‘d = 20 nm tiLboiS/l g-ajjjmljJI 

.MW (jc« ^AiLui-Q t CIjLq j j j-<ul jj ДЛ^. 

? Д -lj jl JJ jl 4 jjI j^. CllL^. j-<ul <jJajC. jj£l jA ^jLoiC. ^LLij (jl — L_J 


Lq J - йС. Aj joul jJl 4 _a 1LVI (J.Ijj c4jJ-<u]jJI (JjojLLolli Ajjlj^JI CjI \УС\\\ L-JJjoJ 3 

AoJajVI ЯА1_^. c JIUI Jjjjoi ^Ac. ."Ajjjjoi^" jl Aj^j^j jjc. (JjAa ^jjJjILq 
^ jj-oiJl ^-LiJajj j£oU *d 1Я ° MW 0 ' 5 6 7 8 (jl ^-j iAjjolC. LU AjjLUI A^JJjoLa]I Ajjaj] J j]l 

1 4 ^x-LaS j-o <L-£3 Ja Aj]Ij1a] (JJJ Ax-LaS ^Ac. ^ AijlaVi ^jojjj ti]]L JajojVI 

^LUIj ^x-La j-o N ^jujj .(JlIjj]] jLjc. 1 (jl jj^jj LjjI jajc. <^_^.j-q ccm 
tL cA^LoLaA] ^^XJJJj]! AilDjJaA] JJ^iL CS^" j (jl *^ji JJ^I jl oja 100 tillL 

л 

•Ja. J .L = ai+a 2 +...+a N Уп'.; a ; 4 aJJ l: i Лл Jai J£ (jc. jjc- • 2) 6,4$ . 4 1 J+! 
jlj (j. Ijj Laj <ai*a 2 > jl JLaxUib <L*L> 

.<ai*ai> = <a 2 *a 2 > = a 2 J j* .Uaiij да. JS +jjoi3 Ja^jL*. 
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jjjjuox]|j ^jtj]! (Jj-^aUI 


Ajjj^JI 4«yj pJ! ljI£ рьд]| 

«*v«* ♦♦ **V* V 


Biomolecular Motors 

' _^JjlSj Cj±LAul LJjSlii 

. UijjSLillS 1 j mIa j| (jdujJ LujjiyiS Лл-а1л, (AjjjJI A ■ ■■ li^ Ц 


Introduction 


i -Д. 1.22 


^ Ir. AjSjjlSjall Ailiall lillfrjuii jl ^CJJJ ‘ " V'JJ. 1 <_^Л У I' <jjj j?il ulllS jjuojl 

. jjl Jj (jic- Jj“CJ LoAic. . Я£ ja-all dlljjj J jjll jS-aJ . Ajxjjiall I д jjl Ia j dbV iSj$J* J^j 

jl"n^Jl£ t4_A^_jJa dlljl jJ^J ^iajujJ 1л-а t jj Jjill L-S^l Lgj!.luj ^ 1 t\Ti (J j£j jjjj (jl 
l^jllJu (Jj 3 JJjJ IftJjij-o (J-a*JI l x>ijl !_£jl£uoL .A_i*_nla]l Lg_llalj-o ii]j^H (jl c^JjUIj 
cLo 4 4 q\'i4 xi Jallj (jjj Jaill ^Lg-o Slj^. J LJ iLjj j^. (j-o jjjjjjfLn]! J_jj j -й (j-o 

$.!cV (jjjjjJal! j^J! ^Ij-qJsII j jiij]! cU jj] jl i^jjJic-VI jjc- djLj jjVI (Jijl j! 
AjLLII L_fljlJaj] AjjujLujIj Ajjjj-Ja Ajjjj^JI 4jjj^J! ClA£j^k,<dl .(jj^.1 Ajjlk CljUaLulj 


.L_al£ jjc. jUjjjVI jjfL LqAjc. AjjjjjJall CjjljjJaxll j (JjIL^-aI! Aialj iLglLi^. CllljjjJjaij 

l^jl^uj ^j! jjj (j ji jjjjj ^jjj U-®jA U j-UI ^jh'nj ^Ljj ^g-lc. aj^. jJjjjI! A-ohjLfl Sjia jj 

.l^uoiaj ciAjjSUI j-o jj£ c_jj| j-c Sic. jjj 


^Ax.a jli c jjjjjdl! jjjXq Л 1 л Ax_iila]l Sjj^. j-o A^j^-a]I ClAjjjjjj]! j! £-о j 

U-^*j j! Дх. jjj-o a£j^_* ciiLjjjjjj] j^aj .'jjj^V! jjixi! Jaia oLl-dixj Lg_jc. Aijxj La 


^ Jacob Schmidt and Carlo Montemagno, Department of Bioengineering, 
University of Califomia at Los Angeles, CA. 
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(jjj оЛ^^1а]1 lIA^J^Ya'I (JjjLLa jl jij . L_l]|j] jl сАл1хк djl jl_buJ jl tojljj С1з1£ J^-A (Jaa 

l djlc. jja]! ja jjj£ (JL^a ^Э (Jaju (jl C1 jI£j^1 ь Л^_\ (j£-u j c С1з1 jja jjll]l С1 з11а j joaI 


160 [\m/s j 0.06 jjj jIjjj 4x.jjoij Алс. jill (Myosin) (jjjjj-oll ^l jll (_>axj dl jalij 
AjjjS 1 g i> 1ж j Se.li£j 6*li£JI Ял]1с. ^jALual Ajjjj^il l^ll£j*\ a\ Ax-nia]l djj j£ c(Jxa]lj 
djjl£ Cfi^Jji]! Lg-ilUajj l^llc. Jjoij L^-aI ~ч ~yV A .A_l^J^J jJC. j 4ua-A.lAj ^ (100% (j-Q 
(j-o AjIxJI ^Laja! ^ jjJa ja Л j]l £.(_£ jVI (JjJjola Ajc. Я£ j*4 а\ 1 djljjjjjj]! dj\j]l j AijJaj 

a -NjVn Lxj j-uj Liijbt-o iljjj (jl ^ijjJl (j a j . i : ij,w\l aj^. jl jj£jll j ^jaIxJI djL^jVl 

il (_]a\£ (JjoiLujJ Л ).W*3 3 А^]х1а] 1 (J jVJI ^Jg >'1 J (J Jxil J1 ^aj'n^ 11 ^JJjjIa 




j£aj j 4й jjoiIja *ijJj£ C1 Lia£j 4£j^-a]! djLjjjjjJl J-Ljjl AjIaC. (jl 

^laXA U a >J Laa C(_£j JJJ (Jfla jl jliLk! L_3jjj! ^^Э jjjjjj]! jjjLjuiI ^gJc. Дт.У^ а\1 '0«*VI 

jl lg*i\,C. jjuj jl LgjLuliA AjjUa (j^AJ V .<JlL^aj3l J <j£aa S j$^Vl ^Liil 

jl (MEMS) AjjjSjaH Aj£jjl£jA jj^£ll a aIViVI *i j^_a.L \,gjr JI l-o'i l_jj]LujI j! cLgilUa j 

L_ij! j^. jiaxj ^ Ldaj! *jjj.WA L^_j£]j .Я-з, jVij'l (NEMS) Ajjjljl! Aj£jjl£jA jj^£]| 
ja jjJa^VI ^CJJJ U^J »Vi jij j!j£l j ^xijl MEMS !l A aJo jl (J»,-4j Laa £_lix-aj]lj (Jjxdo]l 

‘ijg_^.! lAjj-daC. JJC. (jjklj 4_ia.j]jjJ dj\j j£a! A \)>g]l djljj£jj]! jc. (jjA]lx]| (jjjb 
(UlxJ! (Xa jjjoLja (J\_L-all J ^L&I j jj l q а\ 1 Л j .*i-^w Л \r^ \j jj^ A L> /и \ jA^aLjc. С1з1 1 

.<Ьэ (jA l^_J ->SVl\l j£aJJ C(Jjj£La]| 


(Xa o jiuLlA (JaIxj]I ^lc. (Jjlajl ^jill *ojjja]I l_3j\,Vi\1 jlaxj !j£ja dJaC.1 jii 
A n>^ Ajjili djVl (X j'u-o'j I Jii'u,A\l jc. 4 a\ aJjijA Ajjj^. Ajjjj^. Ltfl 
(Jij-a]l ja Лз^а]] (j£-AJ . \ £ *Ia L_flV]>L] Sj^lj 4_ia. 4 i\V (X и.Г|‘| (jl j^AJ cAjjjJaC-V/i-Jj-daC. 
.iilijllj L-lJail ^ djljjj c." i, W J (j! 4 а)У|У 1 йЛД jjj£j aIaxJjola]! c." |\л jj‘j'\ jjjLajll j 
\ g «j‘u-Vi lIIjjjJjujj cojLia-A AjjJ^. С1з1£ j"\ a\ AjiUaj]! j-ajLx-ad]! (J-^^UI 11д jjj^Ljj 
С1з\, jjm Vi\l jlaxJj <.Ax 'u/iA oj^-V ^Э L^j1aI£aj а1]х1а]1 'ijjkVI (J\aC>V! j t\g"uu,Vi^ j 
cljjklj . l11£j^a\\ oAjiA ljU i i3a"i jjiV Ijljl lil LS^ V (^U! 

. U^'j* tl<Q W (JI>a\I I ЛА ЛЭ La (jLujj С1з\ jgS*i\l j $ 4 j\j'uiia\ 1 jjll jla jxj jV j 
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ilAS MEMS 4jj JjaII AjSnlSjajjfrSll AjJajSfl Jja. 2.22 


Of MEMS and biomolecular motors 

MEMS ]! jc L-il-l^. (JjAj ^Л> A^j^a]! ClaLjjjjj]! i4_iui.ljA jlaj 4-g_^.j C У* 

Jjal j-JI ciilj ja CIjI jaII CIjIIaJ jxj-al (J jjall jjjIjLg^ o i.si\\ l^jLoilla \Uti) a_JL^JI 

^■LjVI 4 _! j^jujj tAjllxll l$jlelaS j tAJlxJI Lgjlc jaj j (^AjsLLoH MEMS -и Sj*^V 

^aJAj-aj]! ^^Э Ajjja j L_fljliaj t<jj^Jb a jg_^.l Ajjj^. CiLj^A 0 aJ Д_1з1^а| j3jj . ^aSII 

Cjjljjjjjjll CjlLlifl j CjLoAia ^JJJ t i^'LS j .4 j^j 1! Ajj-JaC.!L]l S jg_^V! ^^Ic. Я5 jilo 
jLuVI Д-иЬИ1 Д fc*i.v^.'l (J^-ujjj .cilli L_a!lLkj ^jji^jll <L13 jjL *bl cjiliL^ a£j^_a]| 
.4 y аЛа ^^jj jaVi A£j^-a]| djljjjjjj]l ja <. flu-a]l 11д Aic. AiUal] Д-С j Ha]I Cjl jIWjaII j 

cjjblVI jl VI c L_£j\ Ь jjI£jj V l$j!i ^ a£j^aII CjLjjjjj]I jl jj^. c I jjL.1 j 

.LnAjj LcL-iajsl (jSI L_flj]l£j (jjjj Loa tLijli jjl£jj 1 g ^iq'i 1 g » 'uLi ^jl! Ajjj^JI 

оЛд» aII S j^^VI ^ 1 g LL j j Ajjj^JI lIAjjj^JI (JjsUI l_jjjoijj]I (Jjaj (Jl j La 4(j^l j 
jJC-j 1 )ж x^a o jg_^.V! й -l^J ^SVJI j £ jLi]l £a (Jj-aj]l ^^ilJJ ctiLJ ^JI AiLjaVL . 4 . LiaxA 

LiL^ ^Э oj j^. ja C*Ua J йЛЛ <__ax_Ca]l jlal ja .о.У1« a AjjJ^. Cjl jjjJjoij uu 311 JjlS 

Lil jc jlJ j jI ja]| ^jic. ^^э JJjLgJ! L-ijlvJI j cjiLAjLtA]! ^Ic AAjxj <jJ! cMEMS i! 

^Loi^V! Jalij]! оЛЛ ja^Lj L-Ajjuj .A-ijjjJ^iV! J-c\ l/ill o jjLiaII CjljL-ajAi! L_flL-iaj! 

.aJL]! 

Sf lilllj 4-uiAj^Jlj jIjaUj (juIjLaII 1.2.22 

Size, materials, geometry, and efficiency 

j j* I ' 4r-l -112. o]l jl J-. II 4 /i i j -ч II -.11 л! j^aJ 

jS-oJ ^lill AijjxJI A^j^IaII ^jiil j» .^il jjj j-o Lg_jJ . IgjLuAjLa CjIjIjjC.1 Ал_ш Aj_jjlj]l 
Jj-lac. £_а 12 nm (_ 5 jLjJ Fj-ATPaSe j! jJI liljauJI jiai t JliLall Jjju J*i .IgJ ^£aull 
jc aiLj tAjjliLI J S jji 130 jjij Яс jmj jl jjJI Jc jili 3 nm (rotor) jljJ 
. jil^ MEMS tilja-a ^JJ V J 3 .100% jA AjjjS o^.li£j 40 pN.nm t> jS* jl jjc 

<. flL^aj! Liljc jlil cjiLjflj (JIaxLujL Ajjjifljl! MEMS il S j^-^.1 ^ua'i 

^_^Ac (Resist) AxjLaa oCLa j)A ojlj-SA AjjJjuia J^JaLlA jjolLj jjajxj ^ji]! cCll^L-ajA]| 


A_iii ]л!\ 
*• * 


4j auaJl 

jVj 
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с Cj^Loa^All (. fll ks~i il^ i t^ljLijai]| j ;(jjlxAll^ jl^A ^ , 1 Uxi^jj jSa i .^Jojjj 

^lj 4_i3j^Jj£lV! djl-Ajal]l CjLuIIa (J-a^LiJ £A .fijjxllA Cjlj'lVl (JLoitJjujlj 1 g LjaVi jl jjjujl^Vl J 


4 _аЭ 


cjLuVill JLa^L iMEMS 




AjIaC. ,Wuti t(_£j 3 li]| ^jUaII 


Л g^.W jl jl J-a]I AiLjalj ( Jjj*j]l (jjl ^jla ^ llL'Vl L_flj_uj .<*jL 1 a]I Ajj*_j-a tlg шЧЗ "Jijujl 

^jj]! £_ix-a (jl_AjJa] SjjljjA <£jj <Aljj-a j!i£l CjLi^LojuJ c- i>Vi оЛА ^LijN 

^ AajIV]I Lal jO Jjj]]l ^Э <L-aljA]! AjjJjoia]! <Jt_llia]l iu»l (ciilj^ . L_J jliaA jA La£ 

■ jj,WA MEMS ]l <j£aa]! Д ,ii).Vlg II j)li ( (_jia^)xli]| 


Lg_a.Li3l jjaj Ajjj C5^J *(_£jLaj 313 ^julLo Cjljjjj^jjll ((JjIIaI! ^ 

^ AjljIj]! AjjJaJ! Ljlj jLaI! j Cjljjj j^)jl! jjJj^J ja-ajij .Яа1с. Я -ijia. j'h^"i Cj! jjjJjaj 
( jjl_XA j! tCjlj jj! £a JaljjjV! cj-lc- SjjLS]! tAjjJaJI CjllijaJ! jjaxJj Ij'ijaI 1 1 jiA^ 20 
(jS a 1 (j^]j t ^ jjaj]jJ 4_ш Cjljjjjjjl] 4_J jV! 4, 1*1 Jl (j! jLJj . 4jjjJa C-V jl ja j! 
(jjjj^jjll (_£ jJoa]! jSj'JI jja-i .Дх. jjIa jLjuV! (Jl£jj! ^ Ь ,Ш1 j! Cj! jjajIjj]! a j^J 

L_j]c.l tcilli J! AiLja] . Я -j jjq Vlll AjJC. jj J Ajilia j Ц -jLa. ^! 4lSl ' iKja'! <jaL\ 

^i Ijjli ^aVY'i 4jjl_LA Л -iJjJa. A_iC.^)i Cj! Ja. j j)A Д_1 а 1£]1 Cjl3jJj^)2! (jj£jj (jl_ia.L/! 
ДлЛЗД ^^lc. 4_iIaaJ! AujjjI! Ajjj Lg_ua^)ij ^jl! J jjV] I j)A jjj^I! (jl]Lj 4 ilat'iA 4(JjlaA 

•uhjj^' 


jjjlLu MEMS S! й j^-^l (_gj й j j^ ja]1 AjaJa-uil! ^jSil j! jjj ctj]j ^^^lc. Sj^lc. 

Jljjj jjLjll j! ^jjSjaI! cjjIjLJ! jjc. cjVV! cJaju V :1^LujLLa (j-aaljj ^a Aj±uj 
Jlo) (_£jj£La 1! ^j-uljV а11 ^^Э ILLui 4_1a£a (JjVl (j^AJ j] .Ajjj^LaII L^a! jJjajJ AjLuIa 

(JaxJ ccjllj £AJ .NEMS Slj MEMS 11 *Jjl cjJc. jlaJAJ (jl ^AjjxjuJIj cillS'j^Vl 

<a_iij !fija.l J Sjj (jl jL jjj Ajllc. Cjlc . jjujjj Cjl jjjll (jjj^^Lol AjILxL AjjjaJl CjlS j"\ aSI 

^ U ■'■' j dalc.^Ja c-Q A_njja_ll djl£^)a-U1 Jjlj V t^aUu&liU o jjUl ^j_aj1 ojj 

. (JjiloiAll Aj^iLil! oj^_a.Lf1 1.1a. jjC-lj A Ja. . : ''j ^ U-jajl tjj t t__jjauJ 


Energy 


Д 311 а 11 jjLa^ 2 . 2.22 


. $, 1 Q л 1 \ 1 д 1 j '"‘Ч , j\a 4 ,^U C J. Q~' I J J 1 1 , ~~1 \ . , 1 д . ■ Q Я _1 jJ^JI _ U'U I L 'oj'' 

AiUall (jji I J'l jllalLa <illkJI 4 uaJl CjljjlS]l ujjajS t<C. jil .4 A-JjJajS/l dllllJI t__JJjoiJj 
А _3 q jjuq A_jjjj jjj <jtiajlj CjLlijjjj tilLiA ttil]il A a-ijj -^jJj-a ailijjul l д laja. ^ jjj л л! Q~~, . .- v i 1 
(Electro- AjjLjj^£]I <ji_Ualjj]l J Ajjjjuall JK JV 1 jjj AiUall (Jjjaii Jr_ ojAU 
S jjj AiUall j-iLuaji > Ajjjjtll jl .Aj£jjl£jji]l j AjjUjij£]| j Aui jjj£]L/I j tosmotic) 
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А Упа\ 1 AiUall 4 jUj£a j A ^УтД ^Ia-^ L° Ullc. jj 4 jlg ~ч\' ^jal A* 1 ! ^Э 

LaIij 4 A-LUajS jl AjjjjJa AiUaJ A£j ViaN a jg_aLH 4jj*j iJjJaSV' (j-Q 4 ^Ua3 .^^I^JjolUI jl 
CjU j^aS! (JLajcjjjI (Jj-gj .AjjUj^^SI AiUalU a jj£j CS^" ^A^I a j^_a.VI AjCsu j^-^J 

a^Lc.! ojj^AaS! AiUall jjjaj jiui ^ '•bl 4_LCa*_A d jg_aL/l jA £^jj cJ^ 1 g u.i<Ti 

Ajjj-sII <л!а 1 Sjji-o o jjA-o <j-aLk AiUall jjjaj ^jc. ® j*^l бЗд (jj .oCj^.ja 

jLuCUL USLa. \ ^‘плзп j^Aj ^j]I 4 j^U jS A*j i AjjjJac-jUI MEMS II cjU j£aj AjjLLq 

, Wqa 4 s\\ j j^£j | AiUall 

I^jLjLu^Ij ljI jjuUI j-iluaj 3 . 2.22 

Manufacturing equipment and economics 

j£-oJj 4 (j-Qj]l 4_laAL JJC. \j um') j)jjj_jj]l <JjjjjJa]l lIjICxa]! a 

^u/il Д-о jjU! o ja*_UI oj^_^.L/! cjjl£ LUj . j n~s a\I jLilkV I aJ jUa ^^^Ic. Lg_*_iCa j 

^jc. AJxuLujV! 4_A£-U! j£jjj 4fi.la.lj Ajlk jalc filjJa_A (JjjAjjU JJjULc Cj|j CjUjjjJJ 

s % 

Л Ijlajj .Cj\_ajj-U! fiAA ^l jVuJ ^jc. jjjjjJ! ^ iu«al CjLuLu AjlaJ! аЛЛ £.UaC.j 
(Bacterial 4_iAjjja jjj*j a j)ViI (JLajCLujU ^jjj-aAl! jjjjjjl! j-o fijjj£S! 4jaS\I 
j* oCakjll aA ]£j jj£j j! j^Aj 4^Ua.V SjjjjxU! олд 4_L^a jIjj) expression systems) 
^rUljVl <«. i\L"n IjJj -аЭ Cj3j ^ajL 4tilU£j .AjLslI] UjjjJa 4jjja-ll A_jjja-S! Cj\£ja-Al! 

acLU! jU j-o Ujj UjjL ^aU! AjuJ Fi-ATPase j-« I jjjS 3.5 jlcLU (JjU*a1I 

USa j Ujj 20 g Jlja ajjjJjaiS! йЛА ^Cijj UaCjAj .L_Jj\_aj]! ^ jLa*Ijj!>U A-iAjjjaJ! 
jj£! ^j!) \£ j^-a 1.5xl0 16 J! j^. J\ 4 jiS jjU! j* 10 mg-6 mg ^Lxj Loa 4U!>LaJ! jA 

^ aS\I ^-LjjVI J\ cjjjjJuJ! jjjaj j^-AJ .(IJ^LU! ^э lc. j u^ia 1£j^_a 10^ j^ 

^■Ujj j^AJ .^JjljaJ! j-Q Cj JaIS 4 qKU I JJC~- 4_1aJjS! L'q 3 i * Л L*j \ ! Q £ 1 IU.i1 A \ J ^ ml 

CjljiSa «jUjj 4_Jj1uj! jLa*Jj-uU AlaJ-uiJ CjbL.W\\ LgX.\_ujakl jja (4^auaaj CjUjjjjJ 

^jUj <i^j]! jA £- jxai! 6 jlij Ua£ LaUjj 4(Site-directed mutagenesis) ^Sj-UU <Uja 

. Ajl^jSI 


jUxJ! jj "USLk <ajaj lijc. MEMS M ^jhXi cjUjU j IA'V\ 4 jjlLU! 

jjU j£jj a jg_aV! л н/»'| U! jilj Uj! ja-iAj 4 jjLuLAJAj 4 0 .VU a Алэ! jC.jjjS fi jg_a! (Jja j 


oC^J 4_ia.UjV! Яэ\_1а]| .CjljV jU! jjjXo j-o iCjUa оЛС. ^Jj \ g"^\S jj-aj A^Uj 
^ULxaS! jauj jC. IjajA (Intel) jjj A^jCij CluSc.1 4 ^Ua3 .AjjliASU qCj.W a ojg_a.V! 
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(_fj)" ] ^, ] ) IV ' ] } jljL (j-° *L J* 4 _^JLxa 1 g «ja> Clul£ !J]j 4 . jj^ 4 ja ^Jij l_i1*_a]I 

^.Ijjalj . JjJjaljjljJ 2.8xl0 15 l**t>Vll СЗ tjj£i C^JJJujjjljJ JjjLe 28 Jc 1$-1л ^lj с_£ 


jjiil jl (J jJ^. JJJ^-a] j^AJ 4 bjxj^a LaJbuo ^l I jjlujjjl jj ^-LjjVI fi J jljJC-l (_5 J>l 

CjLjL^ajal (J»,>j Lo ILaj t jjj^j jj -лз! j-ej J jV j^ jLL Ig'iJS б12о1л ^Ic. ^LjVL 

. li^. AjI*U AjIL>. (Jjj^JI £_jx-aJI 


Conclusions 


CjUUILu,) 4.2.22 


4 J J^^H A-oLi^Uj LjJ^. Д_С« jj-k -ал]! Ajjjljll /s j^ -ч. 4 ^ \ jl \jjj Л*д\ 

. aL-a_i3V!j £-iiuaj]lj AaUailj jlj-Ulj s-LVIj (J-jLLa]! ^З SjjjC 4_1 aL^ja CllLjjljJ Ajjj5Lia]| 
j| ^j^jU j£_aj jJ^. ^^3 t A_i> j] jJill CjLjSj'l (JLoxJjujI ,J Vj jl Cjl_ajjlaj]l jlaxj] j£-oJ 

a> a jjj£ jjC. ^Lij ^gic- Я -jjj^'l 4 лЗУчУ! ojjLo ^ca-U j£-oJ <j]]L] .MEMS II ■ Ч И Vi 

Ajj jSj/j'I 4 f\) ilSjAjj$£]l 4 лЗ -VjU A_i*jjj-iaj]l ojCLUI £_a tljUxij ьМя л Cjl_jj£-Q jxi Ljli 

Cjljlij Л (jjjJ (jl ilijSC IjJjuJJJ 0 j£ jll ^-А^-А J 6 j^->VI JJ-aLc. L_11uJJJ ^JMEMS 

.4x.jjj*j 1л> Ajj 3 ^j*H-Vj 

l^aJa jj JjILjjjJI Jac- 3.22 

Operation and function of motor proteins 

j! j-U] i-U! 4 ji j-o i Lg_3 j j£j3 c cjUjjj! 1 cjljjj jjjII j-o jj-bU! (J-o*j 

IgjL-oj lg oaqj JilV! jg h*j . L ji^J (Jji\ cjjclii]! J a£jULU! Vjjj^JI VjjIjajS'I 
(J^jj j jjju ^-o Jia! jj-o cAjjj^. AjjLajS ‘j jj£j ^-о jjj j jj]] Ljjx-o^ j Lja Uajl ji 
(J-oC. ^J] AjxjjIIj LiJa jC. (JSxj'I ^^3 jjilJI IJa jjfL tCjVL^J! jlaxj ^^3 . jjjjjU! 

tlg'j jh jl LiujLuj! I Ja jjfL ca£j^_a 3! cjljji jjjI! JJL^. jj-o ji.1 cjVL^. J j $ jjijjJ! 

.0 jUl (JLj A^J^J! (J jua^. ^З ^ lUa*jj 4jV 


jjaCiilj S j£ j3L JaLiijVlj a£j^-U! cjLjijjj]! (J^jj jj*j j4J jljaV! <_5^L 

;^jLJ! (JjkUl! j (j jj*J! ^jjj>J! l_jj£ ji3! j jvi J 4 \ : j-o*j-o\l Aj-ojjiVI L^iiilajj Lgi-o 
<£j^_a]I cjLjj jjj]] ^ Sj aLjc j-Q ji3l (Jjkj]| ^uJajj .Ljj jiiV! j ЯзШ! Ajaa! ^^Jc $■ jua3! 
i jj i jj* *nS\l ! J_uj! j3 £jjj jVI Aj]llii3! a£j^_a 3! cjLjjjjJ! oLcl <_ L-ai . L^Jac j-o jji£3! 

4 _> jj i-Ajgi-U! cjL^ j*4 a\I jjaxj] j>.jA ^jLL c_jjU. ^J] FpATPase 31 j jjjjjA]! j 

cjL3! j ^^^ij ^ jli jcL <c jjjA a£j^_a 1I cjliijjJ! oJa L^jjji ^jJ! L-LUa jll .JSI 
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4« n3-a'l \ g я yV'i ^lil! ^^lc. I J)l_L<bO VLlo 1 д_л t, iJjjJ ^Aj . Lg_u^J CllljjJj^)Jl 

• \ (g J* 1 Д_11_ю1Л 1 


iILjjjJI JLuILijajj 1.3.22 


Thermodynamics of motor proteins 


Л (_£Cjj L<la 4 ClilijuJ jill AjSvIj dil jii jjK jjjj a£j^_a 1! Ciljjj j_jjll ^h»<Q Jajjjj 
^jjj^JI ^jl^^ll J j2 jll jjj lc-jjjlo I . lfr£>lg*uj| jl Cllljjj^JI оЛД ^ljjj 

ijj^l jJI ^(Adenosine triphosphate-ATP) ulL ^ill (jDU jjjjjjjV' j* «Lk 
AjlUII (jjjLLaijiil <lajlj j . - ATP ADP + Pj ((Jc-liill (c-LUL JLi) 
(Adenosine CjLLoiji]! ^Lii (jjjjlijj (Pj _g jjc. CjLLuijS a£j\j tAiUa]l 

tf.Loj tMg 2+ CiIjLxji (JaJj ^jjal AjjIjjj^ jjVL^. Ljajl tilljA .diphosphate- ADP) 


. UujiJj (JjLj (_ji ^jaLLUI ^ JJ ^ajajJJ j£] j t(_J ja.1 Cjliljaj 


I AJljj л]\ j Ajjjiljk jl ATP - J j j ' 1 _^i 'j JjUI A ql Lll jjju ^ Lx j 


AG = AGo - кцТ ln 


[atp] 

[atpJpJ 


(1.22) 


^С 1 ь> 1 х. 1 д 1 а]! ^xja's] 1 м JJ^JJ Aic. Sj^J! AiUall^ AjjLjjla]! oj^JI Яз1_1а]1 AG() С’ п*ч 
S jl ja. A=>jj Ajc j 5 .-51 x 10" -1 J ATP ЯЛа. J AG(, -AjjI j^J I AiUa]l ^ kgT j 
J jjjjI t_j jLjIj jjjljLLI jjL, jc jjjxjII jL-u .4.14 x 10 -l J -kgT jjLuj AijiJI 
tLDLLll jAb A_ra.jjAj Ajjj ^ .(_JIjj]I ^^ic t4.14pNnm j -51 pNnrn JjLi J\ axjjjVI 
Laa t2 mMj 4 10 pM t2 mM : ^Ljil (Jjij M+jLL ‘P, j ADPj ATP jjLI jj JjLj 
AjjIj^JI AiUall Sja jjjAcj juA-t ^JI _jjj (_jl “t~-100pNnm lAjja Sja AiUa Jiljj 
Ajkjljl! S j-t II AiUall . L-aj _^Л ja. jl JjUkjL jl Ljajl 1 IjLaj .Aijxil S jl ja. A_a.jj jjc 

jij/ 1 1 jj_aj]l rjljj j ATP ]] Aj]LUI AiUa]l Jajljj jA jcjjj ^^jLUI ATP ]] A * aL. jj 

• J.L.VI _jj-j S jL, (Jclij]l (*Aaj Iaa tAiLUI <jj]aJI ATP jj^ljJ jA 

jJlaj jjj ttUja-A jJJjjj ATP — il iaJ j jiijj (jl Я£ J^-U j^AJ ^ 

Li-i^. (j]j^kx>ll <JaLiijl cUa j! ATP JaLiij! jl£ LU itdlc ^^Jx. £ jblx. ?^jLU! 

ajd]| Jaljjui! ^*jaV) t.l^.!j ^Laijl jj! A£j^-]] u ’<п^Э cL-uj^c. 
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V£jaJ! iaJIhII djUall j A£ja-«JI ciAlii jjUl (o jiU 4 >'j иЛ' ciA£j^JI) (Powerstrokes) 
jl ADP JaUjjl tila Aic. J£j^JIj ATP II 4 g aI -ч .lic. J£j^J1j cATP II JaLiij! Aic. 

V£jaJ! c.“ n nU ^! JaliijVI Cj! JJXJ .IxJ OJjoA-IA J£j^Jl oJa Cluj^.1 f.\ J-UJJ »Pj 

.Uj! jU tJaUjVI CjI ji*J jjjUj V u>»q4 * >L- AiUa jji (jji£ JA\ AjjIj^JI 
(Uj^-aII jjjU! (Jc.liill ^jUj cJJUb j£Aj • cjc-lilll! oL^ll ^JLasJ oc.i^j A£j^JI 

U£ ^l jiiV! 

Ul j^a ^ ADP cJ j^ ^ (ADP + P,) cil j^ ^ ATP Ul j^ ^ ATP + ^ j^ 

ji^Jj ATP £(J j^-J UIj^vaI! JaJJjJ i Jj1 -4 a11 J (jjja. ATPj I^jj 

- ^ 

Jajj (j£«j .SjjJI (jiijS ADP t-i_S ja. jjjiJj cPj £(_£ ja. ‘Pi j ADP Л 4j$ дк 

.CjI^Vi oJa jA ^jU V£j^JI aJ ji o j j! Sjill 
^ja^. jl £_аЭ 4-laia ^.Ij fiUkj! ^э cilj -ч aII tilj^jj liUl <_£jj j! jVl 1 т£а^ 

Jc. iaiL^i A_il£jl diil£ LaI .tSlli£ c“u jl V£jaJ! j£l j cVjuj j£c. AjjLiaj£ 1! cijLc-lijll 

• Л^.1 j oUj j^_i ca£j^J! ^ j-oj t(Jc.li!ill JLoaJ jUjj 4 jjl jll! jc. I.iixj ATP jj£! ji 

* 

-Ц -aLJ aj^Jl oUalb ciili AjjUaj ^j tAj jjiVi o jjJ ^^Э lJj^ а11 U^jj (jUl jxjoil! jjUij 

. 4 'ij» \ ^^jjjjjj iUj^-a Ss.li£ ^j^ii j£*j cATP j^. 


FqF, - ATP — й jUi^j 2.3.22 

Myosin, kinesin, and F 0 Fi-ATP synthase 

ЛулЛл ААЙ >^L£ji-A FqFi — ATP I! jUlujj jj jjj£l! j jjjjj-U! 

1 g "£ jj>. ^э l i ^LajaVI j-o 1 jjj£ IjUi djj£.V! <i jV! ciUll 4opli£ll i-UU- j 

C1iI£j^a 1I оЛД . Л1 ^.j $.(_£ j^. (_£jJ-uia ^Jc. 4 Ла 1£1! ^juiYlg II l^iljUi L_fll U£**u*il j 

jo L <al"A'i Aj£jUI jjx-alijj SjUil! Ja! jjol j£lj ^АТР I! ^Uaj-ul jJ AiUalU Aj^UI! 

jjjjjj£l!j jjjjjU! jli tFoFi — ATP jUjjoi jljU! tSl j^aII j >*jV ^з -lc. . j£, I ^! л^.1 j 
JaUijV! jVj . ^aJa jLuiA J jla ^^^Jc. jUlnil jjjla jC. J£j^Jl jlUjJ jl J А~ч jl£ja-o 
jiiij 4 jjj j£c. j^c. Ulx3 jA ATP ^jj^-l ^ULJ! cJlvJI j t jULjIa jjc. jLuiaI! ^ 

-Ullc. V£jaJ! Цд Jxjj .AaaIaI! LglljLuiA JjU ^^Jc. Ja^3 .1^.1 j oLail ^^Э Cil£ j-\ aII 
. jLuIaI! 4-1^. Jj C J^AJ lJ J*4a 1I jLUii! Cj^i jA j^AJ J jii jl! 

jj xjj jc. jjjx'i IJa .'jlcc." j£.V! L^uJaxjj 4 M SUa" AjiaiJI C1 A£j-4a 1I jlaxj 
£a jjLU Jc. JL* tilja-Al! jA * j^. jl£ !il Lo jA j 4 cUj2»-a 1! (Processivity) 
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o^jLiuj (jil ^^_э) _jLula 1 I ^xa dulj ^gic. oLola]I JaaL^j .dAiijV! ja^ ^э jLuia]! 

(Non- bjLLui jjc.) CuLill ^jjjLuI! Jc. S^l^xll ciil£jj^-Ul M -\j V jj^. ^ ^(Processive 
:Iajjjuj ^ jl ciallj^ll j-o 4 qlj -ч a Ajcjs ^! jj^ j£-<u . jLuiaI! ^a processive 

^gic- ^ ^uJa! jl! j-o . I jLLoi V jj j jaa]! jj^. ц^-2 c jLuj jjc- II jj j jjaI! 

Яз!_1а (Jjj^j j! i£j^J! ^LijV jji (^ Ajjuj (Ja *1 jl ajLiuii! jjc UjL£ j^aI! 
j! ojLiuil! CuI£j^a 11 ^^lc u_Lau cJUL . j-ojl! j-o <LjL ojia jSf £ j^JI (Transduce) 
©jLiuii! jjc. Cul£j>k a!I c. L-o Lq! .L^-aL^-a jkLJ LajjLu (jA*j j! Sjjxua il.icL jxluj 

.(jJjil oAi^j cL£j^a ^jL. Jauij^ 


(Myosin) jjjjjiAi! 1.2.3.22 

^JaiijA a£j^J1 ^_1c Sj£ij JaLiijl AilL A^jjjjjji! jjjjjJ! CjI£jj^ jjAjl 
G- j^i£V! Cj lljJAjjj-Q ejj L j-o jj£-o 4lwil ^j^j-o ^jjjk iaJJjuJj tF-(_ 


1.22 (j£uiil juju ."j-a3L" j "^jlj" jjajL Cljlj cajIaLilA JJC. CjjUaJj£jl оЛА . Aj njj jjjl 
^э jjjjxLl ^xa ATP -LLjjI jijj .F- jjj£L/l j jl па\ 1 1 g \clij j jjjjj-Ll Ajjji 1 j 

^ajujj ц^ -iil jA .LLjjVI LaiV (Jj^xiil 1 ла jl . jja£*JL jj£xilj Aijjj£VI ^JaLijl Lail 
jjjjJAl! jjJ JaLjjVI jj . jjjjJ-LI J£j^_l AiLLa jluxa Aliiu-iaJ (Jaxj jL ATP c-(jj^J 
tLjLi ATP c>^£ j^. (jjjj^-Ul (Jkj (jf^ jLLiIa jjc Ljajl jA j££V! UjLLjj^j 

.(SjjxJI j-Q (Jjjuui! <Ц^Л) j££Vl LjA jA "Ll j" c_fljlail aklL ^LaV! J! ^»£jj 
tili ^xj i 4 jKjfr ДТисаС ^ A_Jc jic (jJll tH jjjjj-oll cj^ill Ja JjuJ C*‘ У* 1*Ч 1 

Я1л1£11 aAuLjaI! ojj £1 ^.(Actomyosin complex) jjjjj-oji£Vl ^i*-* j-o Р г - JaLi j 
Лх1 . (jjLuJ! aj£ill -Ljjui ojjJ .ixj jii£VL (jJ jll Jaiijj *(_g-L La£ II jjjjj-oli 
jlx_j (jJil jjj£VI j-o (_>«!jil -Lliijl jj^uj i jj j jj-q ji£L/ 1 .vL aj ATP c-(j j^. -LLijl 
(jjljll ^ (Conformational) (J£LLi-a jjj*jj ullJ i . \н/п .ATP c- j j?J ^LJI JLull 
jjuj jjs t jii£V! (jJj -LLijl Aiil j-o jjLJl (Jkjil .iijj .JLil ojjill Jajjuii IjjjJx^i 

(jjljil bLckj ojUill -Ljjui LU^a (jjjljll j-o Р г - -laLij! Uiijj (iiij JxJj . jJj£L/l £a (Jjj! jll 

1 uiL t(jjj!jlL ADP c-(_^j^ -LLijl ulijj . jjj£^/l ^Jj <jjuiiiL S.i^.lj o jlv4 jla^j 
.L^jjI^j ^Jl fijj£l ,j»,jj jjj£^U J_ilV! (j-aijj Laa i(J J jiL ATP c>(_^ j^* -LLijV JUaII 


(Neck 4_LaJ jll Juijll (Jjlal Ltjj t^C jill £ jji! £A jjjjJudl o jla4 (JjjLa jjjmj 
£ jii! j-o 1-10 pN jl^l^ l^jijA j 2 »-q J£ j3jj .(j£Uiil ^ jiuaS/lj ja^.V 1) linker) 
jLIa (JjL*j ^ijkJl L^_i£lj c5x!0 13 kg o j£i ujj ^ijl -Lis (_ 5 -s£j ejill oJa jl £aj 
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djl£j^-a\l o ЛА j-o jmyl-G 4 _Lujj1 jj Aj j j£Lg (J-oC. jj jJLo jjVi j£-<u • ‘i] J^-^]l j j j ^ 
Ajjgjl п-а\1 4 jL-ox 11 LiUJI JjjXg jijJj 6*j-l^.!j AuLjaC. 4j\4 ^Э jjujLjj-o j£. juIj 

.LllaJ^ -л £_л (Jc.LliU J Li-aLuuJ <i\jjm] AjjjjjJall (_£ji]| 



. jLuull iil ja-aII ^Э -Jj SjAj jjj£V! ^JJ'L ^ jjjjuAl! jjjj cAjjjS JajAj fUjj 1.22 JIauII 

R.D. Vale and R.A. Milligan Science 288, L>®) 6 nm = MuuSIuiaII AjlLaII ^LS 

.(^jkil AjLjjjVI Л-лалЛ (У& jiL 88(2000) 


a£j^ j Jabjjl AilL CjLiijjjji] jj jii^ll <IjLc. jj-qjj (Kinesin) jjji£]! 2.2.3.22 

jj| j jj 3 jia Cili LjajlJ (Microtubules) Ajjj^jaII lILjjjjjVI . 4 jjj£j-o CjLimjb 4 _Laijj^ 
С1 з1 j-gjl] fi jaL j-o 4jj£-o .o jiaLiLo V 4 j]aj*s\l а^ЛлИл Ajjjjjjj UjI jju] jJ ^ j-a^Ljj 

jjUjILj <j^Ua ja) p- (Tubulin) iujj]jjjjj -Ljjj j a- (Tubulin) i_m]jjjjj-li]| 
JaLjjjl ^-jLU! A \\Vi 0 jl jjj ATP j-Q 1 x J^jl (J^tJ «(2.22 Jilll ^Э jjmVlj 

jjj£ JLc. tilLjA .L^.1 j oLml a£j^. (Jjo^T4 J Im-oLuj .AjjjIlJ mLmjjVI £-0 jjjm^]l 
l^_l! LSJjtJj tAjjjjJI (Jmalijll tilli Laj i jj j jjaII j jjjjj^ll jjj AjLaull 4_^.j! jj 

jj jm£l] <xjLui]1 A j A j] 1 ^ . cj] jjjuLA L <а\ xj j-o jjjjuil jjjXo Aj-o j jlaj]l CIujLjj 
jj-o 4 &jjj£]I LibLkll Я]\_^, ^Э Lu^aj-ua^. c4_a£a <ii)a j ^^Jbj .A-jj\4\l CjjLmax]! jij 
<Ja-ujljJ J^.VI u_ fljla]l ^]j 4j\4\\ uijla j-o ajLUI jij 1 g i^,aj V 1] c^£jj]l L__Lumt]l 
o £ I 4 jj jm£]l d ji jj i]l jj-o i jlx3 (Jil ^ Llm 4]\ml! d jj-o ^^Э . jLumV I 

, j A\ 
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(jjjijSll j_j£i iiiljLoJI IjlA (jjAaJjl j . j j..; .2 ^р_л jA jjjjjjjill 

. >j/t AJU. jlji jjl (_>“1ц] 4 _UijUia]I jl J_ijI_l<iU]I <]U1] jjUu 

(_£jj]Lia]| i_LmjVI-i ]aJJj_aj ^ jli ^g_oLoV I jjl j]l J ^jj LU a1hU]I 4 ifLul£j_g]l 

J Jj ^ j]i]l (U“l j]L ATP ja. Jaliijl (Jjjj ‘ADP <-(J jaj Jaii jji ^jiia-ll (Jjl j]l J 
(jjUal (J j j£j_cl]I (--LnjjVij (julj]l !U Jaliijl (jjaja_l . ^L2jl (Jj ^iUl! ADP Jjl J 
jjj^i _i*j .jVI LiU uU (_5^]1 (jjijll (_ji ATP — 1] ^La (JUij ItjiLo ADP «-(jja. 
ATP < J jp. Jailjj Laijc. ^LaVI ^jl ^_ajj] I jAiU l j I! jjilj]l _' ■ t P ( . 

(4-8 pN jjj jjjiliL ‘-ilijj cS j 8 nm (jjLoii "(jjJiill" jjjiUll S jLa. jjilLa . jAl 

.(_g j.j-i 4]| S<li£ll jji 30 — 60% Jj (Jjjli 



j jb . jjjSjji]! ujjjibU i_ijSa]t jaj л'\ъ . м jili . jLjV t ^Jt jj jjj£Jt jlaaj 2.22 jijjjit 

R.D. Vale and (>) . Vale and Milligan (2000) (> Jiuil 4 пт - UuilujaJt Uiailt 
.(j»jklt j»jH] U£jjjVI UuUI jj jjL R.A. Milligan, Science, vol. 288 (2000), p. 88 


FoFi-ATP Synthase F 0 Fi-ATP jUU 3.2.3.22 

j-o ATP (_s4^j> jji 12 nm ojlaa «.Lilc. j* FoFi-ATP j lVuul t jl 

CjLiiijjj Jiii .3.22 JUl]! ^^Э j^j -ал i & LUil jjLc- ^ jj jjj ^ j-ti -^j^-jj Pj j ADP 

jj£jj A iHnj JJJ^ ^Lj^ ^ -ч jj-tt^ ciUi jc. UuliS cdlli jJjjJ j^.1 (Jjl^. S-LoiC. 

(jjlll (jijj^ .jixJl Fo jj^-cJl l ч AL . g.LaJt-l] 4 g ~ч\1 ^э ^ijj-Q ^^jjjjjj 
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CS-LoixIi (JjL^I A g dlLjJjjjSI (Jij (jjjla jc. ^Lj^lll ^ ~ч x>iljj]t IaxjJa]l ILb 

Fj jj^-alL jljj]t jjJax]l jjL - ( C5^) j-dax]t jJjdj] t g 'i^Ua ij-axjjaiJj 

^^jj]tj ^jjSI^ (3 J (X 4 JC. jill dllj^jli <]£Ьи 11 л djtjjiu jljjil jjJaxit <Lj^. ClLiJj 
^l Aj^jjouit 4 j]£l_ujlt djtjjxjlt алл ^jJjjj Fi jj^-UL Pj j ADP -Ljjjj .(^jtill 
$ 4 jfLiLj-o <ii!a j jjjjjjlt t«Ag_l JjjI jl jA t^LiALU jjjj \_л .ADP j-Q ATP l_jj£jj 
A iUalt (Jj^J F] j Fo jdj^-UI С№ (_^LjLj-o JL-ajt jA (RotOf) jtjUt j-daxlt jt jjJj 

. AjjL-aft ^j 4 f\u\£jub AjjLj$£]I Aj^uJaLdlt 



[Н+] 

jij jaB jj jjLt jj£ jll] S jaJt AiUait J-oxjud .FqF ] -ATP jllluj jjjuaj 3.22 j£-uJt 

. jjj jjUt Ajl£Luuit ljI jjioit J-a jjjjjjit 4S j^J ^Lul £j-a jt jSL ADP j 4 ATP -bS jj] 


lL*-^ j^j ATP ^LSI JLjll ^glc. Jjis FoFj— ATP jt 'Vujtt Fj jj^-olt 

jjxj ^ j jAj jA ^LS! 4 ttVl j ATP L_1 j£ jj ^ I j-d jt . (Jilui-o J^j (_^Ic. L j^_a -Ciiu-aJ 
t jjjjjj j-o iuw й jjoiL-c <jjjj^j <]jL ^ jc -Ал 10 tBoyer jjjj j-° ^ jjLUt .LLjjVI 
£-c -LLi jLU <L.Lg й jlL. ^at j-q FpATPase ^tt'Lj ^.4л_* jjLlxitj Yoshida 

6jjj]t . jt jjlt jjJaxit ^ajii AjjujJL Ljjlxj LjIuj JaLijYt IjA (jjJJj cjjj^jlt 

jtjjit jjJaxit jjiLj c jlc.jti JaLijYt ^xStj-o j-o jLit I^Ij L£ <Ll£]| Aj£jjl£j-Ut 

oLjt jjLxj ATP ^Sj-U jjL-Ut ^Sj-Ut Ljjjj .ATP j^-j Ljjj-Ut cjiiLit ^хз j-Ut ^х_л 
jtjjit ^jL t yuti-a tATP j^j (Ғ 0 4 -ijL-St j-o A_iSt jLjit jic- j Ac-LUt l_j jlSc. jtjjj 
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ADP Li-iic. .Pj JjUajj ‘JjVl ATP LuLa JLJj .90° jI^Lij 

AlilL^. ^Jj dlj*4All Jjxjj 4 j'q {‘ijqII 30° ^ J)\SLaj j!j.j! jjJaxJI ^aLijj c jjV! ^jaI! j>A 

jlTu*n .acLJ L_jjlic. jljj^ j*5L } 120° jL jjfL j! -ix_j (j^j tA-ijljiijVI 
lSj^ ь* li£ ^^-Lxj 1ал t<j! jjj $.Lj! 40 pNnm oj^ ^! jj^ ^jc. j nlT FpATPase 

.Jftl 80% 

JajJ ls^j^ 'J^ ^I^p-aI! u] "Unconventional" "Я-рПУП! jjb" CM ja-J! 4.2.3.22 
cA^jjjsJ! 4_idc.S/l ^ Uj^ja <dda ^^jjjjjj л£х_а jAj ^(Bacterial flagellar motor) 
IjAa -лл ATP I! (JLaxjj-j! j-o j^-3 t"(j,\)lV^ jjc" is-^jj} dlj^ -л (j^ jLaa (JLi-o 

AjjiaJ! djjaJl Л k\x \\ (jljj^ ^jL (jill c^jJjjJ! jdill (J-axIIujJ d j3 jll 

- л 

(^a (Flagella) JaLbuJ! .c-LixJ! jjc. djLjjjjjJ! JVjj Ladic. (Bimolecular turbine) 

Lo-ljc. 4_ 1 а ^djjj jl j-Jl j-JaxJlj ЯТ-а1л cJJjjia 4_n]jl JaLludJ ju*i 4_ijjJjjJ dj\ я Xij 

jjjiaj l^j^Ajj cUijLil! SjjJ 1000 (j-o ji£L jjdi j! djl£j^_All o^J j^Aj . j!jj 

Liajui 1 £jj^ jLc. Д ui a -ч ^j ojJuc. jjj Lq .i^.jj .5000 pNnm jjjL 

<£jak Adjj Lodc. .Sii^j Ajjii^j i_ilk (jk! j d*ij dja jJ! ^ Jaxj (Flagellar motors) 

.л^.1 j oLdL Ajdll ^ jli j ^UdL jjiij iaLiJ J,K‘n c<jlkl! jc. (JjLuiI! c!jI£j^-a1! 

.A_iikl! " c t JVVI" j cdliajjdll ciLLoij <ilijjj tLgjbldi! CjI£j^_a 1I jjj^xli cdi з jl! (jA ‘j jia ^xj 
tc-jjLaiV! !^-j . aj^. ^jIjjoic. cLdl л , j II ^jjjjjj c^IaL/I ^j c!jI£j^a1! ^JL 

.Яс. jIIa AjjLiaj^ Uajjjuj *j jiil-A cAjxuJa jaI! 1 g 'W\ \ L Qui^'lun j! 4_iAjijaJl Ajil-11 j^AJ 

d.L . (_£'\}L'l jd dlj^-A LS^ jLlAA J^! JLiA AujIj^ tlj^jA iaVa tdij^. Lilj 
^jjjjjjil! L-ill (ф29 portal DNA) ф29 g^Lll LJ! ^diljaJl ^liL dLxjl! dljj^A 
Ljjj dlj^-jl! jj^ ^•LljjSj Я -jjjIJ! iiLil! dc. AjjiijjJ! AlijjL^. (jklj ^Jj л u^jjj 

^Jj ajjjU! a£j^JI oJa diljd tj^dJ! ^j! jl LJ! jl£ LLj . L.il! AJj-i^. ^ 4_uiAjL л 

dlj^ aII (Jax-J jl .Ajuujjjil! Я1 jj-ujU! (J^.lj (J Jjjl! jiaAiJl L_2-dajJj3 Л A£j^ 

AjjLj^£ 1! djLlial! (j-oj Ljj jliVI jj jll j-asLiil! jA ^^-ujLI! ^Ltll ia» a>»11 Lui^Lxa 
djLul! J^ jjJJ • \ jJ**l jj*N d)A LJ AiLi£l! JLtl! L-Lidajjl! IJa <ikl^l! UillxJ! <j£LuJI 

^^Aj t55 pN Ia J^ 3 dlijj oj3 lJj^aII jl .Il^j *Lf J^ &J^V! *LjV! is^ t — 

.^cjjLil! !лл (jjj^l! UuAIaI! ‘jjVll 
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AjjjjjjJI jjl£ A jjj^JI jjUUjil 4.22 


Biotechnology of motor proteins 

^JI DNA Ijjll ^_uij JJjLk Jji ^jL-nJajl Jjj jjjJI l" \Л^'\ 

% 

^i ^jliij 6 (jjj jjJl ^ u^ij jl Li lj jll Д_ла jj ^j cRNA U jll 

4 j| AujI j^] . ^aJ! jjl£JI J*l£j A_lliJI ^aC-j ^^3 JaxII j&La i A j 

<jJaia_i* 4_ia.Lii! ClllJ ^Jjjia 4 _i1aC^ ^L-AjM ^j^JI <ijI£ j-o 4‘nVn j^J t^jin^ ^^jjjjjj 
(Protein expression ^ jjj ^Uai AjIjjj^ jj-o jj ^cuii j£^j jl (lJUJI ^ 

cdjjj£ CjIja^j cA-Jlc. j^-li^j jjjjjJI ^gJc. jjuli Ajjjj jjJI jjjx'JI <-«Jajl .system) 

.A-oljx-a Jal JajjjjiJj 

^ u^aj ^jia. il^liluJjujj jjjjjjil 4ijlx]l AjjjaII U_fljxlJI JjaJ j! Lo 

. jjj j jjII Ц Vn^VI jjajA^JI ^JjuJjuj jj.i*j ^aj j-Qj tLiiljjj^ jjjj^)j]! JuujUjA jl£-oVLi 

(Folded AjjJxaII aJL^J! jj*j jl j! jjAjil Uilc. j^^^ll jj*j j! Ui^jLiUxi]! o^J j£-oj 
diljjjjjj]! ^l j4*uj.iI l__l^j ^LiiNI .ixj . jjjjjjl! Ajijj ^i ^c-Luii j! t jjjjjjll state) 
.<ajjJa-a]! b^UJ! ^Э oUj^.ja]I l£J^-VI d: lljjjjjj]! j-o U_aVV' (jc. Lg_Lua3j cL^jjijjj 
j! cAiLjal jjc. о j^_iA]l Ujljjj JjJI 4_ijja. ^-jj\ CjjLijij (JLoxIuj! LjUxj 

. jjjjjJI ^ AijIj^N 5JI jl j! Jjj*j 


uAjj^' <_й u* %y4\ WAfcW 1 . 4.22 

Biology of protein production: from DNA to protein 

Ij^ll aLujLujV! Aaju jU! 'л LaiUI ^i jjjjjjl AJ jV' 4_iiil! j^-e jj jj^j 

jjjjjjjuiilj (A) jjjjuL/l дУгч^ jjiuj! Axjj! .Wjj . jjj j jj]I Aijjx j-°j^ (_£l]l DNA 

T a1a^-q 4 Г 1 }~ч j jAja Jaj! jj 1^-1л <. iljj (_5-i]l 6 (T) jj-ejLilj (G) jii! j^-]'j (C) 

сД -iiljj cIiLa j]x-q \ g . Li.il] 4_a.jUjA]l Д,1 j.w\l cJ£_uj ^э i^lljj]! ^lc. A j Cj Gj 

% 

jlojj c(Codons) cllljjilj Ajiiblj Auiil.nl J aLoiLoJI ^jjnan (jjan 

I ^ . Jajt jl Ла. jj .Ц -ixiiaJ (jjjj.) 1 . >.и"ч 9Q j]|j& jlL U! j .Ajjxj Liiixl 1 . >. 1 .^ 1 £ 'u, j 

jjjijll jj. j l^jjl^j Jl j AUG jjijlb AjjjaII AjI jj ^JI jUj . ‘j jj^l j й j-dj j-o jjLI 

•UGA J tUAG jl tUAA 
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^ Ljjll Jl jlaJjj Jajij jj Lojic. (Genetic expression) ^Ujja]! JjU*j 1I Ijjj 

^^-AjuL^ \jj AjjA ^^3 A,Kw\l SjUa. J Ijjll jc. <i-uli u^ojj £ jj]| o j-ol j Jj 3 jjx-o £3jA 

Sj-olj Jx-£ij jl JJ tilbj jaLoijj (mRNA jl (Messanger RNA) J Lujja Lj 
<л_л ciu^. c(Ribosome) ^j jjjjjll ^ JLoi jaII Ljll j J*j .(Stop codon) uJlLNI 
IgjJaLo^b <jjjLi (tRNA jl (Transfer RNA) JlSul Ljj Lj CjI j-olj 

aIjuJjuj Ajl^j ^JI jjjaJ! ^Л±А$\ j>iA^kll Li^jLoJ Uajj ^ajjjJJjll iaJjJ .А1з1 jaII AnuVI 

.fiJJJJjulll JAJjujjj Л_1л1и11 jjjjjjll 


JJC.^ <L.jjuia-g CuljjJjjJ ^jll 


iAjjjjjJ 


ja AjlaL 4 _LuAjuj ^aj jjJJjll 0jjj 


^jj] ^gjxll ^ jull is~^. ^-*LLuj]| jjjjuoJtJI Aj*jj1j]I A\ пл>У I jiajAaJ! ja Is^Uajl . (<jjAa 
L-J jluilj Jc-laiJ <а11^А Л -ijJa j Sj*j Culj 4_niLa <LuJjuj ^ nx>l jjaAa, j£l !4j n'ij jj]I 
аЛА 4_a-mjj . £.Laj cdllj jjI j Clil jjjjl jx 4_ia.jLaJ! AjjjII j o jjItsaII Cil jjjjjjll £_a <* qLA-q 
S jaJ! Ajjlla j» aj (jjljLa (J^jui ^З 4_uij ^lc. jjjjjJI jjlaij ;А^^111 а] 1 Cjjlc.lij]| 

.4 jKAj jjjjjj]] ^cjlill jS j'ill ^Jaj .4jji_Lual 


DNA _й 2^ju SjUI AJUj & S j^ 2.4.22 

A short overview of recombinant DNA technology 


(Genome) ciJj jja ^(Escherichia coli) Ajjjljall IjJjjjJiVI cjLa t^jjljail 
cisja. jil . (Eukary otes) *jl jil! СиККд«ч11 bjLkJ! Ajjj ja Au.nl AjjIl. Ajjjj jjj^j j» *✓>! 

C1±a^_3j Aj! Jjl! J fibaJI (_£-<dc. jki <g_aj ja <Lixa Auiljj AjjjljLl LiuJjJjujNI Auiljj 
. (jjli j jaaL U jjc. (__kc.Ljajj jl j^AJ L Aj]ja! lajju! ^З ^_Aii Lojjc. . Ijja. La^_ 3 
jjjxj]! j Ajjljj]! Aujjj^JI ^^3 (JLaxJjujVI jj*JA j Uj3 Lollaj LgUA (Ja! jxJ! o U cJ», Vi 


IjJI \л ^Lu&VI £jd з с-й j. ^ 1 ^pjiul j J J)Aj <jjl j ^il o j q j j . j Iajj 

Oliujjj t(Restriction enzyme) iyiill ujLujjb l LUaJI liJI .<■ LUaJI 

"<ajj dAjL^j" й jljji to iia. ^ <jjC-l3 (_>u2>Li jjc. 4^. aJ jLI Ijjll il, ■ . ^,а~, 

.(4.22 J^'ll) Ig jjii djLiiajllj oji jaII .Lajiiail djjjL.iL.uil jjjjj (ja^jj (Sticky ends) 
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t4_uji Л n'qMl ^ajjjL J^l Lj £-a ^LajAV! £-*-jajA Ajjj-oII ц£ jja-j ц £Л1! L.J! ^с-оЛ I jj 

^j^JI ^cjolaII DNA i! !лд ^Lil jL^j .DNA i! !лд ^a j~4g"n j! AjjjaII j^Aj 

^(Polymerase chain reaction - PCR) JjoiLaIa jl jaJ jj Jc-lij JIaxIaL Ьа£ 1 л.И 
.La*_>Ja 10 1- JJ^I Ijjl! j)A <LjjJa J 1 jLia£ AicLjaA ^ic. ajjli AjjIjxa Я -jj a Ajjij 

...tcaggcgaGAATTCcgtagcaa... 
...agtccgctCTTAAGgcatcgtt... 

^ EcoRI 

...tcaggcgaG AATTCcgtagcaa... 

...agtccgctCTTAA Gacatcgtt... 


cijaL <h. u ) jjISjjj AjLuj JaoIuu j jjaJ A_ajJjA DNA AijJa. Alutluj 4.22 j£«ui! 
4 AJ! jLulaI! jaal! AljAaJ! EcoRI J 4 * u .EcoRI ЛпУП! ^jjj! t^i j*jj (S jjb 

^jjjL jjjCjJaiA jj")V"iVA jnhUw ja kivl J£aj .I^jLaaIa] AjIIc Aii! ljIj "AIjJ 4jI$j" Jja^jj 
. jjiUkj jjjluaa ja Lj J ^ic jjjaj Jaj^Lj j : j jou ^i! j J jj j! 4_uiij JjVil 


Aiaj^L ^Э ^LajaL/I ^uiajA AjjjaI! ^Lv^L/ jjAvjll ojlc) CliLijij (JLaxJja! j^AJ 

ja.i (JjaLaj ^ AjjIjj SjIa ja ^JaVcJ jjaIjaI! ^LvV^! cJ sj*j .(5.22 (J£joJ!) (Plasmid) 
Loaic. .(Cassette mutagenesis) ^^LajjLJ! Cjljikl! aJjj ^jaL Aajill! оад JLaxILaL 

jc jjjxlil! 1 g 'hsAj Ajajjjv. Ajla. ^ AaLv^) j^AJ tLoL jj.Vig a'I ^jajjLI! ILa ^Jx-aJ 
L_sjL-a !-i)j . jjxaI! jjjjjJ! ^Lil ^) с?^У$ Laa Л g \ у!л SjjvjaI! AjjIjjI! cjjLAjlxAl! 

jjjjjJ! JA Aaj^La JJC ^з! ja ^Э SJjv,ja j! oJjv.ja JJC 4j ПаУ! jjajAvll jiaxj jl 

ix-jjjA CjjlAnjJJ (JI.\hxxiV j! jlal j! c^iLjaL/ jJJ jjl^ jjil! <LaLa Jii*j 1 h^Aj 
(Site-directed ^SjaJ! j^i j-L! Jj! jilal! л2 Jl AaiL (JIaxILaL jjjjjjll ^JjV! JjaLouI! 
jA ! jjxjas Lac. iW'h Cj! jjjiu f.1 ja.V S.iiiA j AajL ^j 5 4 mutagenesis) 

.dil ЛпшЧ 
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d j^aI! Ja jj 4jjja 1I LUC .ifdjbb <^i Fi-ATPase Ajjja ftxaj 5.22 Ji-ui! 

Ц -LiCa ja t ^jjiall jSl ja Qj» Ьлс- pQE-30 ^JAjbUII (jj^i Pstl j BamHI L»a ^jjl! 

^ jj ja Jluxa jA (j Hu a u aVI) J ^uau aVI A-4j11a1 Aj j ja jja jj j Pstl J BamHI 
Ajjja ^ic ^jjj^j dJj^ CjI iojj^L ^l jjjSdll ujLajjjI Л_л Jjj j^Ull j AjjjaII AiLua^ ^ Jjj 

(jj^ujjjjVI <jjla j JaLujjl <^i bbLHI &1 а Ajjjj j ЬЬИ <^i ljI ^jjjjUll ьлд ^LaJa! j)l .ATPase 
jjjxj AjIHI Лс -ljj] IPTG —II AiLual Uiau .S JjlaJI jjUjjjLI ^ic AjjLaJI UjLxll Jai£ ^.VTn 
<^i jAj ^ lac promoter (jjiSbU! Ljjlilujlj JHj jjIII! :^xjU!) ЛИ! jj*-« ^xj cjU jj-J! 

• Fi-ATPase — 1 у j P j cx *Цс jil! cj|±xjll S jj jaI! ujb jjaS! cAJUJ! ола 
S^jjj^ cjLl^ 4 j^'n jj^Aj c j^jlic ^i U^jjjil Aj-ojjj^JI L£}LiJ! си1£ LJ 

Ajjj^ (JLaxJjoiUj . jJj -аЗ dj3j ^З AujjiJI 4 jjja1! AjjIi^-a]! 4_iajJj^J! j-o 

*Sjjj£ UjUa£ £_l-a j£-aj ^(Lac operon) tiUJI ujU^j' ls*J ‘O^JJ^ оУ^ ujll 
^jJl! c(IPTG) cjUu jjl jjjjj^VUi jjj-D-P~ Jjjjjjjjj! ЯзЬсаЬ l_j jb jaI! jii jjUI ja 
^З JaljiVI j^i j£-aj TPTG ^iLjaj Jxj .AjjjaII йЛ& ^jfL с-ц£ j^. £-° -Ujjjj 
50% ^Jj (Jj-aJ UjLiaIi с^1а] 1 CjAj^Ull ^^3 lUIII Jxj SCj^.j-<JI C1iIjjja]I jc. jjjxj]I 

.AuliJI ^IUa]! jjjjjj]l ^JUiaJ ja 

ixj 1-4 Alx (J jJju :AjjjaJ) f Ljuli) 3 . 4.22 
Biochemistry: post-production modification 


el J^-V ■ " ' ■ t<jjjjAj (Jjj j Jl ^_1с- (J jl^^II jj _i jl La 

jj<^; LjjS-ll! <LnJj (jj£juj Ajw (_)л1лл]| Ji^ — иД (jjjj^jjII JjJxj JLjj I j jja. t j_j jLi-j]l 
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С£ ^\,.)a.)S\I jjjxjl! jA tillj jjVil JjjjJI Лл.1 .o Jj£j ^JajaJ jl j^.1 jtg_^. 

djljjjjjjll ^Uj 4j^lj .jjjjjjll ^lc. \ jar J J J-a &Jj 2 kjA AJc.lij J*j J\_A*Iijailj t jjujIj-JI 

jIiaI j-oj С1з!Яс.1_аЛ ,Va»'Vi . AWjqII £3 j-JI Clilj 4 jj\.)a.)S\I CjbLcLiiil o Jj.Wjq С1з1 jlrk 
CIjLoIj jLJ j (Lysine) jj jjlll (Jj-q 4.з'з.за 1 jlaLAJkl З ja. Jj ДлЗ jia (jiui^ Jj J^ jl 

J^*jjujj Lq LJlc. .AjijJaSI j-^jll SLatjJI с1з^1с.1_11а11 £-o (jkljjll \g 'з^аз ^^jll c(Glutaniate) 

jl j£uJ 4 j^lj jia-uillj jjjjjjll iaJj 4. V*3g з juajl! (^IjjuaI! ^gj\.)A.)S\l iaJjll 

<iaLuJ ^i (Jj 3*J jl А'\я \\l~i JJJ*J Jj3*j5I c-LjI A£j±ujJ jl jJJjjJI 4." n m jxi ^CJJJ 

Lo LJlc. j 4 LjLajS <Lo\_k \jjjuij (Aliphatic) AjjUjIVI A\\\a^\ jCaLi^V! jll 

^(Cystein) j.n'u juill ^cij . c-Loll L^jjaIj£ a ■ч.зУз L^__ii) jjj-ajll j^xLaII j-o jjfL 

jAj . Ah,<ill £3 ja1! ^З ^ULajS (Jj3xj jj^V L-aj3 4 c3j jill ^ jjjjl!) jjjC^iluill *j j-q j 

CjLjjjj jjj Ajjj^. Сз\1з j^. j ^(Fluorescent dyes) Ajjjla ^Lu^a! iajjl (Jax'uj Lq LJLc. 
Jjjjil! cjLj jiLj j (Malemides) cj!.iiAjiLJ! J1 a 4jc jj cjjjj^ С1з! jLuj^ jLaxjjmL (j j^.1 
j-e 6 jjLj^» ^^c.1 C5 ic’ ^jil! CjLjjjjjI! Д-и 1 л 1 д (J^L! j* .(Vinylsulfones) 

A-aj^LaI! jjc 2 _з! J-L! С1з!з j.n'u Ju.i\l Llij jjj^j j^Aj iLjjjj A Ag a\I jjc С1з\, m'ujxiil 
Л Д_1л\_к CjIcjjjjj (Jjj^j j^AJ j 4 Lj\iJa )S Д_1л\_к С1з1л.пп.з Л \.)х.).зЗа jg А"з ^jll 

. jjjjjJ! Jc. 4jjCj-U! ^з! jaII C* з\,*ш uii.uii 

^JjJ^, (Jjjuj A 3au.il jj CjLjjjjj]! j-o <jc.jj ^з! j-q ^З Jajl jj u-o Llaj! j^A) 

(J£jCjj ojL -LLjj 4_Lj!j j^j\ ji jjij jj jA (Streptavidin) jjCjiLjjjLuJ! .Allaj 

aJLLI j-iil j-o Ajjil! Jaj! jjI! "q ji ^Cijj ^«(j j^JI (Biotin) jjjjjJ! jaj ^^c jj 
4 ciiL AiluCajj . j jLxJJ jl AijxuJal! -Lajljjll j-o jjj£ CCxJ ^iajuij ^jII 4 ^Jajuil! (jj\Jaj3 
4cilli3 A >j‘Vij . jjjjjj — jjCjjatijjlm — jjj jjj Cj^-L-a jJ AxjjVI JaLjjVI ^l J-« ^-ajuJ 

£-0 LjLkJ 4_^.L1a 4 iitla jJ (Ja*4a\I jjjjjjllj 4fijjj£ AjJXuoJ Ujill ^\3а‘з\1 !1д ^"за"з.з 

,4_C.jI1a -LaJJ CjLjLaj^ 

i * -* 

(JcLIaI! jjx-LLI jjljjjl! iaJ jl jtAXJjuiV! oCCxjaj Ajj3 JjLl Lijjla (j-AXJ-uil 

4AcLa 1! ^aUaj \g У‘ 3 ' 3 .) ^l 4(Antibodies) aCLCaAll ^Lui^V! .c\_CaA ^ила./ Л*>»‘и* 1 А jjj 
CjLj j^. (jV (jJjl j Ajc jj (Antigens) CjlCjJajjuiAl AjILc i-ill cjli jlaLlA 4_зс1 Cj\jj j^. 
^JajuJ AjjjaI! j\uCaA -LaJjl йСД oCLCa-L! ^aLui^V! (Jjjxjj jjc jLjClui! j^-AJ .(JJ^.1 
JaLLjl! (jLuui ^ Ajc jj 4 jjJ^. CjLjj^. £a \.)^3-iu,) ju-aJJ CjLiljjJ LCajl cILa .^_^.j\_L 
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Ciljjjjjjll j 4(Actin-capping) (jjj^Vb oliaxjJI Cillijj Jl iLiiLaa . ^«jilnll ^-ill 
(J jc. (jj^J (jl (j^-oJ ^.0 J-al jll 2JI jl ^jjijj o j-al jll (_£ jjj 4(jij£VI cjjUaJjA Cjlljl^j ^ 1адц 

Jl (jiSVI CjU^jjA ja 4_iCjj dLl^i iaJj 1 >\)Ча oCA dLiijjJ Jj.jxi j! 

iaJj] jjijJjll - (X cLlaA \_£_ 1 Э (J-aJtjjujl ^jj]! <^Luia AiLjiaJ S jj£j]l ^Jaxul 

6 jj£j]| ^riaxul СЗ-^ *Lj J^JaII djljnniVI 4_i^.jJj 


17 


ljI£ j^aJI Д -ujAjA j ^ jl& 5.22 

Science and engineering of molecular motors 

ci]ljA j\£ c! »,\1 l" ij. W Ajjj^JI dl£j^k а\ 1 (J j^ xu.Vig II (_)лх]1 jl£ La] 

£.(jj^J! ajj^jj Д_1 а^а CIjLujIjJ Cli^daj td\£j^-A]l ^alc jn^i tii]J j-o j!£! ^Lil 

(j* jlaxJ tiljaLj Ig jJaxJ jj ^jill CllLJVl jjJjJ^. jjJjLjja j jjJjJ^. jjLLlAJ^ 1л1 j^.1 

t<]jA"«kll (JjILo ^^Э Д.С. Jjjj]I J CL-fllLVI 0j3 .llld i L-J jl Vl\l сЛД JA 1 T£aJ . CjI£j^ 4 йСЛ 

4 uxi.Vig \l Cjg ~ч11 cllillj . Ac-LlLaj-al j ^j^L j\_g_^. ^.-jax-oM <Loj^U! CllLla-ujj-UI j-o IAjjCj 

.« 

d\£j^A jAXJjuil оЛ J^A oj^_^l ^alj »^ajg Ча11 4 kSX dL±i\/ jjAljJ j)A ^.Lj]l ^Э 

J ja. . JJJa Лс -j j)A 4 Laj Laj ^xj jjoi]| ^aLaj]! iu»i AjLxI] JJJ-q (Дах]! . jVI Ajjjj^. 

^ajuiUl 1лД ^jja^L .4aI~x'\A\ оЛ^_] LjjIL AaIJjjoia AiiLLa j j >/ia ^jjj-aJ jd ^»£jj jjld Ljajl 
,4_ш j^JI dl£j^-UL aHxIaII ojAaII j jn,wll ^a j]x]l jlaxJ 

Single-molecule biophysics Jj^j ^ j CjoaJI f Ljill 1.5.22 

ja 4udL (JjV! ^I£a]I LgjLLj j Ajjj j^Jl d\£j^k а\ 1 ^alc ^Э dll jjlaj]l jl 

Lj^.j]I j^Jl (J jJ-uia Ljc dl£j^A\l Д_и)1 jC ^Jc £jCL]l 4_lJJjd]| Clll jCVI jjiaj 

d\£jj^]] ^ £ t tl ^ t ^\ l j ^ t\ i \ 1 jl ^jLll 4, x ‘) jl £1 diLuLUI j^^^j . Lg_ajjlajj 

tdljCVI оСА JiiTi .AiLoiAll j jiU Ldj o jj\_AJA dLuiLi ^Jc oCjiiAll A_i1jjjjj]| 

£_iCa ja dLj j^JI ^xa J£cUlj jjLLJ! ^^э Ls! jj j Lj^c L1 ji! t^_ia-u^a (J£d (Ja»a\ 

4_j£jjl£jA j-uiaLc \ gMx.r-i > i dLjjjjjll оСД (JIaxLuj! ^Ld ^Э A_1 uj\_uj! Ldjl ^Aj c^LajaV! 

^aVi ^Ld ja jaViW A_jjjjd]l dljCVl oCA j\_Axlujl Ldj! (j£aj . 4 хи.У^ а\1 'O**^ J 

. 4 L» x"n j (jcl j^j j j£a j! j\_g_^. 
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j Jc <Leila <LAlajSj Ajjjjj laifcL» 1.1.5.22 
Laser tweezers and cantilever-based systmes 

л * 

(jAi^Jj jsl jlo ^lj ^LuAj/l jjJaj-o (jjjj^jjl! ojil! (jjjLi (jj!^)3a 1 

* - * 

l^J-OXJxJj . 1 *\\A <X_A (JjIxjII (_£j^J jl (jjjj^)jl! LqLjc. ^La-Uil! IJa 

Lic. tojLoll ^uA'i jjl j^AJ L “ U* 4 *l^?»> Ij^JJ й j£j-o AjjjjI Loj^. AjjjJll Ja3^L(JI 

Ь J^ll jIlLq £JJJ ^.<А j^JI оЛА j-Q JJXJjll (Jj 3 4 ~> jVl CjLjj SjjjoiLq ^(JJ^-aII^ ojjjll 

c jLui£jVI c1j^LaL*-aj 4<AjaJI SjlS JLq (JaI jxll j-o Illc. (Trapping force) SjjLV I 
jc. (jjill jj.wj) ^-ajoj ^Aj tjjajLlll <jjoj ojIxjj-uVI oj^ . Ij^. ^Iaj ^4_рлх1! 4 Viqll j 
1 o-° (3' iL^.1 jl (jjLa .(Trap center) ^till j £ ja jc. ^и * гч1 1 lxj jjLS jjjla 

jjVqj j! LL-^ila LLjjJa CjIl jjj Cjljlii (JLaxLuiL AjjIjI! ^ Cj! jjlI! L_ajM Jlxjj nm 
jjj Lq jac. Ajjjjll! ia^Lill (jjajLll! liIjjI jj ^ j! jjj .(Video averaging) (jjj-iiill Luxijjll 
— 0.01 pN JLi-jl! (j ji (JjjLL Laa tlO pN/nm j 0.01 pN/nm 

.200pN 

* * 

jLaj jj jjLujj! jJ! j! ILjLjI! (j-o 1 pm jjLiij ciAjj^ (J-axjjjj iL^ijAj 

jIia! j! (Jjjj£jJj£ J-®j 6(J1 a cu_fljLla jJ LjLajS 1 ,g La V‘i jjjj .LjUj \ gjlc. (J jj -ллЛ 
Ajijlall jjjl! dl^j ^Luaj Jajljj jl AjjjJ^. l2jI£j^-a Jajj jl .(Endgroups) 4_iijla 

£cil! J! ojij Ajjjjjjjl! CjILj-4a1I (Jj-ajJ ^cajuiJj 3-ijta) jaI ^3.2 ^a-uiill Clbui3jj La^ 

•CA^' 



(s) i>j 


Ajjii!) Jjai . j jjSjj i_j jjJt j jb jbAj jj jlAi ijjj^ ЦЦ _ja uluiUa 6.22 

jSja > AjjjaA! AjjIj <Uljl j_yic J kjl ^ дМ_. iiiljaJI liSjaj Л -J j jjjJj!! jii!l AjjUI s jil! AjaIjII 
K. Yisscher M. J. Schnitzer, and S.M. >) .8 nm JjL -iljiai SjaIAj <j£jj jiJI 
(Nature Publishing Group > jjib Block, Nature, vol. 400 (1999), p. 6740 
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4_ifLj^lJI (J*£3jl (JjLii] J VLa*Jjuj1 CjIjJVI &СЛ (JLoXJjujI (_£ ja. 

(J£juj]| jjjj .RNA Lj jll j DNA L.2! Jal S-VIaI diLujljj jc. ^Liaa t луп ijjj]I dl£j^uii] 

djl jA*s lJj^uJI jJa^j .4 jjj^j-q ciiljjjjjl (jj3 jjjjj^l] jAsil ti] jL-u c!jLujIj2 6.22 

.ojlxk dc. 52 pNnm ojca LSnl \\* jLsui ViL ;6.5 pN © jS J^L-q 8 nm LgJ jL 
^Jlj^ AujLLa Sc-La^ Л jCjj 1 -ал cAjjI^J! jj£l jill <^jLibo ADP j ATP jj^ljj С1и1£ 

.8 pN jj jjNll cdlLN <-oj!>LSl S jil! ciijl£j .50% 


JjLo-q l_j jIujL jlL ^ic. a j 1 1 4 .aiVil JLajCIujIj AiLuuJlj Sji]l cjLujLa j-o*! 
^HjJI -J_g_^Nl j-o 0jjJ jiajLl] a^jLouJI s cLxILujV! Sji jl ^LjIujL tAjjjJll JaibLoU 
j-o Ajjj^j^ jj! j! AjjLaJ MEMS ^Jljj JLa*1Luj1 (_ £j=»j L^Ljd .L_aj^ia jJL ^ 
Л0 5 pN/nm 10' 3 j-e JUuJI jlajL cluljj £-q Jiill иа*ч AcjU/i^ ^U.j]| 
dL jjc (j-iiaj il^juiaj 4jju-aj]l Jail)LxJl (jkum^j diLjil jll jjJI l_s! j^il dLuiLi (Jujduj 

(j ) jl (jjjjjiSl JaJjujjjl] jdoJ j a^)aja jc. Д_ю1£л_1л ^jjai Ajtij <£^)a. A-ii^ua 

dll j (jjLL 4 ( j, jll 4 j j jfjH al_l]j/ I _.il (_£^)a_ . Ajj jfLudl 'j ^)jV I c_fl Ja ^ ол 

• 5.5 nm a jU-Ll l (jjilLa (jlSa 4(jJj£VI (JjS (jjjjjJI je Ijila «.(_§ ja. 


20 


Cjjlillj Cjj^JI AjjI^aVI 2.1.5.22 
Optical and fluorescence microscopy 

]аДЗ (JJ L* j _l]] j jL] c ^l^l jJtjVI^ IjlaJLl ojj_la_a <j j__aj]l 4 -ч ^ll 4 j\ j . j j| 

'a2 jjj_a]| J jaia.VI <£j^. j ■■ ■ j£_aj ■ jjajtj]l I ^ . >.■» j jc- jjjJaaj jxajjia. jjxaj Я] La. 
T.22 __]L_j]l jlJJ . ^_J a__Ll_]l JlkJI a (J Jj-lli]l JaJuijj]! 4_iauiljJ J_]ji-ajjlj 4_B2j I £ ul 13 j 

liljajJ (Dark-field optical microscopy) (Ljjoa]!— JU_ a]I J Ajjajij Ajj^j^-a CluLii 
jljj]| jjjaxiL 20 nm Ig-uLa <jjaj CiLjS (JjLj lSJ^- ‘CLjiLa]l oLa J .jjii_i Jjja. 
(jjjia jc. Ajj] "nU I jjj (j-i-aj (jjLLaj tdjaull jljjj (jj L^ (_jjaj Fi-ATPase — i 
lj^l£ (JLixJjuiL 8 kHz ojcs cjjij dLj£il jju-a dJailJ! .l_iaJ]| dLj£ a£j^. (Jj-vdi 
л21л]1 -dLoj]! ^ljUalVI dli£ulJj . lg IjlNl J 4_1 a3j JJu-£ 3 ^Jl l^Jjj^i (J J^.J CCD AjtJjjuJ 
(JA jjJJC.j£ jjjjixk jAjJall 120° (j-Q ft jA*4 (J£ 6(jljjd] 4_lC.ji]l dljiadS! Al.ld (jja 

.30°J 90° 
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■Fj-ATPase 1 jIjaII jJaxib Allx л uAj cjbjl! f V'n д 'I (!) 7.22 

(l-i) .0.5 ms jA jj~^!l jjj (_yla j!l Jjalil! Зх Л.й" £л jj^!l jSI j-i!l xll jji j^-laj 
Nature Су 1 clPk 3 j-?- ja!I jj») .2mM a jJi /\ TP jj £ jj ilc. j^j!! JjLL» jl jjj!! 

.( Publishing Gronp 

- * 

jkljj]! jjLj *LjJg jj-o tAjjx-o Д -jjg ул\\ jA j^,! (JI£joiI (^JajL iujj j 
VIa*^jI cAjjjlill Ajj g^ ^ l l j (Differential Interference Contrast - DIC) ^L^UJ ! 
tL_jjl_^jll оЛЛ .(^Jjj^jaII L-imj^lj jjJ^VI (jV jjl jLili.1 CjLaili ^ 1 *jLj 
Ajlk ^ j g > j Q 4^_jjlu ^clajuj ^g-lc. jjjjJjJI j! jjjl£l! j* (Lawn) £ J-a i , n * *i JJ (_£ J=k 

jali]! Ал1л. tL_Jjjjj]\j ijjj^V! CiUaJj^. j Ajjj^jaJ! dl n n'iVI (JL^j (_£J^. (U . jijj 

A-uj!jj j^-aj . 1 g L~4 ai'ij dil AjAll A^jlj]! a£j^J! jjj-aj jj^j cATP jsljjllj 
ajc. jj di! jila j! t j ji jl! jj£ jj j! t cil j^-aII jj^ ji aJV a AjsV jjV I Яс. jjuJ! 

. jjj j jj]I A jA j ^jaj^aU! ii] j^-a]I 
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(FRET) ijH S jjiiJb ^UJI JSS 3.1.5.22 
Fluorescence Resonant Energy Transfer (FRET) 

fijjlillj AiUali <jjlejjlj]l С1 з 1 эЬо 1 а ]1 (JjIj 3 ^ic. aj^ll]! Ajj]lj]i <jj£j]l 

jjc-jj JajCIajj ^_i]l “'hFluorescene Resonant Engergy Transfert-FRET) Яаш j]I 
(JJ^J .^IajaVI ^-jj-jajA CjUj jjJI Je (Fluorophores) ojjisll ОХоЬь. jA jlilli-A 

ojljj jA 4_jjl_j]l Яэ1]а]| Jijjj dujkj ojjlsll CjXoUJ jl Л -joV I j o jUT I cULllal jl 1 ш 1 
jj£j Lojjc. j>iq-^VI jjjj]| (j j ojjlall Ja'lj^. Jl JtVI iijj]l ji o jj]i]l (JaL^ 
SjUI l" 1 .w"l jl tDJjlill CljLiUJ L_Luj11a1I jlilkVI J-lijS Clillij^Jl 

.-Lajjjudll оЛД ^^Э Jaii^ jCaidLM Cljl]| С1з1 L CliLjj^Jl 


jjjjjJl J£j^J j^Aj c^^^^jjl^j-Q jiijjj 4лэ! j cjliijaJl олд diil£ ILj 

- s* % 

(J j! bjUL . ^gjjj jl! JliijV! Sdoi ^J (jo cc_al jj j i Лам n j! 1 g t>>» ) j-o L-Jjj^j 1 g '» ^k'j j! 
jl .^Lja jJal! ^! SjLuoV! j-o Д -ilLc- Aj-uj jjl^j j^-AJ t^Lil! diLijj! jjoLiijj ^ j ja. 
4 jVq'ill oLa JLjCIuj! jja. .fijjlil! ^^JaU, jjj AiLuiAll jCuLia j^Li LjxjIaI! ^jjJall o.iuj 
L t t-v JjL ^ \n J Li-v t л>Л jQU ^JJJJjfA Ajjjjjjj ClA£ J^_a1 4 £ 1 A ^ < jJ ! Д ^ j-v \ ! jjoLil 
ciljjiU <alH_A J^.! ja Jb\d cilj^ л\\ 4 ql"i~4 aII s. 1 j^.Vl jjj jjlVill cjLujLi j! jll£! 

.tiljjuJ! A£j^. CjLII ^Jxlajj 4 Ag a 4 jj V ^ jaII j Я -j jjaVill 


Engineered devices 


2 . 5.22 


^Lqja! tilLiA cAjjjjjjjl! CjI£j^a1I cjLI! ^_da jl ^jill l_j jL^cill ^J! AiLcaVL 

. Д^л'^ a o j^-^.1 (jjill бл ! ja jj-alic. 1 L^JLaxjjj! CjLjl£-oj L_flLu£jjjl ^э cj! jLo 

<xjJaj-Ci-Q (jjdl <j£jjl£jA CjL j£a £_a CjLjIjjjI! оСА jj-all jl ( l^J tcdli 1 


S jSll ciuljjj cCjL j£a!I oLa jjjILq jj£j jl L_iajj .6 jj£jl! ^Jc. <jj£lja!I ц '£aV1 ^э 
C ljL-a jll jj£j jl L_L^Jj udj*4 а 11 UJ Jj ^jil! (J jSll £a Я1э! jJ-q tLfljL-aj] <аэ! j-Ll 
.l_aI£ jcL <Ljla 6 jiil (_1 ах 11 jA jl^jaJI jj£dJ (_gJ£j Lj Sjill j-o 1 g ^q'i 


jc. AjjjljjJ CjUjj^c jAjJad Ц ojg_^.l jJjlaliJ CjU ja~n а 11 j-o CCC- 1 Ai 

1 jJfil Cal .AjjC^JI AjjJ^JI <jUillj Cll!)L-ajA]! L_flL-ai! Jx-Lix-a CjLiSj ^c-aC (jjjla 

CjUja^JI ^xi j-dj ^£dJ! jl£-oL/L 4il Fi— ATPase !!j jj j\£ll j t jjjjj-<Jl (JLaxIIujL 

. (jol£lL Ajjj^. JJC- 4jjj ^Э Ajj-Cac. jjc. CjL j£-o 1 g aC Aic. LfJaLulij A-ijj^ll 


835 



4jjUa£-V LjUjLa 1.2.5.22 


(Manufacturing of inorganic components) 

Aj,\i'q'il Ajjj^aUI Ual jC. Jjjlll (JLa*Jjj\j AjjjJaC.^UI CIAjj^aII ojlc. JjaJ 

<j£aa CjUjjL cilliAj .(JjVI Jj-aUI ^j\j3jj-ajA]lj Ajjjjj£]V! 4_Aj^il IjsIjC-jJj] jl 

Jjijll Jja i<Uj.Aj Cjlilij ^)JC. Ajsl JO Jjjlllj AjJj£jj]I Cj! JJ JJjoll! ^^ic. 

.U JJC. j 25 1 Cjlij]| JJ^JI Lil jO jjj] j 24 4 4 jjj£ja]| AjjabobU]! <c.l_ila]lj 22 ;^1 jL jjUll 
CjI jis j <ii!aj Alal jja jj£j] AjjjJac.^Ul CjUj£a]1 oU (JUjuj! j CjLujIIa Cjjjj^.1 

j! j!ja]1 ^Liaj£ 4_Lajuj!jJ CjU j^aII oU ^iiajuj j^ajl (Jj^xjj .4 aaa-oaII jlg -ч11 

Clli^. ( Cj! jja jjlil! (j-Q Cj! JjaC. oic. (J-uaJ Ai^j CjIjjj jjjll ljjjujjj j^AJ cL^jjjuijj 

.oAWaII лИэАа]! jjjUa ^jjIxjI] AjjUJI AiUl jjx'n 

tj^l jl JJ^I ^Ju-aj <ULa£ <JjjJaC.bUl j!ja]1 oU jiajui (Jj^xj (Jjsj LaAIc. 
CjLjjjjjII ^jjlxjl Ajc-jj V jl 4jc.jj Cljlc-lij (JUxJjuj! j^A j «jJJ Jjjll (Jal Jj] AJC.I jia 
Cj^Ulijll oU j-Q (j£I .AjjcjU! jjc. ^ -laljjjV! (j-o 1 g x 'iaj jj jc. jaI! jKaI! 

jjjjjJl ^ic. AjjjJaj ojaj] lijSi lialjj ^ jj]| iajljj]! ^uJajjj .oijji]! <JjJC.j o\j! ja 
C jUajl jj]l oU Clll-l^V UjJjuj jj£V! ^ jiajui! .^iixuil ^ic. Ajilla j ij-oj 
A-lic-lij JJC. Ij Uj.i'i jj^jLUl jjjuJ^l I g A,Vj ^^jill (Jj^JJ,\)g.'l 'i^^j -ljaUIj ±iJ£i\ 

CjliJa j)Jj£j JJC. ^iajuil ь J-oj JJJXJ <]jg u.n (J j^J .Ajjj^il CjIjj j^il j LjLjjJ jjjl! £-a 

4jj|jj J 'L-4 CjIjj j^. Cy (Self-assembled monolayers— SAMs) ^ AjjIjs AjjU! 
OH — ^JaJI Joij ,_jic.Uj <— a Ja L^) ^jll i(Silanes) jljLujill s"lllSjji Jjji “^tAijla^jll 
J! L ■ ‘,S q j Jj^jl ^jajoil! Jj (jSjiJ , 4 q ,j t-.lt a^J . = jjitjji <j£LiIa a oL jj.1 J Jaj 
JJaj ifLJ! e jl£ ^Jajj J! jl .(Carboxylate) (jDLujSjijS Jl jl t^^-jjJ ^ски 
^JajJI Ajillaj (JjJju tjJjjJlj tjjS-oJj (Jj j V J д!ш jj jj = jSJj I . ^.j, -^.A. j_jA tlll Jajjjj . I ja. 

. 4 q ,t->jll Ajjljj CjV j-iiil ijt xxjjjjIj AjjA jjl ^ jjajoiJI ^_3 


(jl (jS-iJ tA_alc Aijbla J^lia j>Ji (Non-Specific) jjll j£- JalijjV! Ujjj 
a_uIjj$£ jl t=.Lall AAjlS jjji jl t(Van Der Waals) jljj jjjli ^ji J ja.jj Ji 


CjjLc-lajll .(jjjjjJI a£j^. t" u.V.1 jjJ SjjjS jjSli ^ 1— . . „II j jj jjjII Jjj t Aj£L_ 
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4 \ ^ \ i CIjLj^)^!! 4 \ ^ ч' I Q \ ^ ji \_g_jj£ t''nx (l) -0 Ь dii-Q 4 _JO^il! 4 \л ! Л -a\ I 

£_uaaliui jj cLdajl 4 Kuia ^-^)Iaj j! 4Jjg,xj,i\l й.1^1 (j£-oJ 4j£lj »4jj-daC. J4C. ^jiajuiJ 

4 _uiij ^uiii ^j ~c. v^jui^ii jjjjjjIi jio- j jU^i ^ jkjfi djijjjjjjii 

^jjijil (Jx^a^jl (jJ-Q Jjll c*U*\xn .JaljJjVI (j-Q jjjjjJ £Ла1 diii (JLaxjjoiI Ljajl j£-GJ .^lajull 
lUI djj jl j^-ftjj П j^. o jjj£ ^ jj V lajl jj Яаз 1 £л) (Bovine serum albumin - BSA) 

jjj jjjII £-a (jal jIaII BSA II <j\ .^Ll! jjjjjjll ^c. jjll jjc. j! jiAVI Ij^^Ljj 

jjLjj jl Ldajl jS-GJ ^ . jjjjjjilj 4 _aJI_x_A ^jiajui ^LjjV 4 \g ui Jljjla Ldajl (Biotin) 
(Conjugation) (jiljl (3U4 4 jLLoa .^Jaull c.Liaj£ j^ixljj ^^c. jjll jjc. jL-AlVI j-ajLaa. 
AiuiSI ^ jLiu.) Л (DETA) (j^Lj^ jLf* (J^j^jij-o! l5^^ S-^j^ 

4_Aj^il Ljc. . jjLiuiiL 4_a-i\_*_A 4_iaJajai (Jjju£j j jjA Ь v^j (J£l jjj-e! 3-ej d lui jjSjLnW 
Lq .la. ^lj Sjjj^ 4_ia. ja 4_la_uj ILa (JLgj jl j£-aj t (pH) ^ j> jjjJ^II £ jll 4_ia. jljjjjill 
4jjUI djLliIaJ ^Jajoiil 4_ilaxj jj 6(JjLj 4__Jj1uj\jj . \ g «Э -jj jl 4j ja-uLdil djLjjjjjjil vK'i 

tPoly(ethyleneglycol) PEG J j£j!c (jJiLj ^ djliilLc jA SAMs 4ij| I 

4_ajILq ^jlaull PEG djlija (Jxaji . ^Cjil! J4C. -laLijjjU (Jj-UI diii L-ajl j-aLj 

^lj LiJja. tiU I jj . ^ilaul! ^glj (J jua jil j-o jjj j jUI ^_1 аЬ l^_jV 4 jjj j jUI jl jj-o' V 

Lug 4 ^U1 djl jaj! jjII (Jaa (J^a ^j dllj£ j ^lljjlal! dj! jjajIjjII (Steric) ^c .1 jil! jiLnl! 

.4_ia_Iajuj djjlc.lij (j! j-o l_jjAa 1! djllijjjj £_1 aj Sji L uia 4_iln 4 jjLa djlijla jjfL 


jjajA^kll (JLkjL 4_uiij jjjjjji! (Jjjxj j£-oJ 4 LjLajS ^JauI! 4uoiAjA (jA Vd3 

(jj »2.2 ^oiU! jjjsjj LaS c \,^ эл-\ j! ^g-il ) a )S l_jj1ujL jjjjjjl! 4 lalii II 4 jj iaVI 

jV 4(jjjj_jjl! 4_iill 4jjjal! g.\jAjS\l 4 пАа 4_ijij Sjj£ja jj. 1п-ипД LIL 4iL-aj 
. Lxjjla ju-aan V J t 4 _пЛха djLjj! CliLvi» a £_a 4jj 3 lajljj jj£j djljljSjl! 
4_Aua 4j \Ля a jjl£ jl jj, j'uii^ I! (Tags) dj\_Ajui!j 4_il! L-aj! bjj^V! JLac.VI dj^Ia! 

4^jj£1!j с_зА UL 1 ^ j . ^ I \ Ь jiuaB AjAiliiJ Cllv\,.ii\.ii‘i Clli ouSI 3 “.AC- jii. 

j GaAs(lOO) j InP(lOO) j Si(100)) A^jjlo c£L->j-i ^JL^ijij 34 tAjAaJI AiioiSlj 
JJ CjliijjjJI Jajjl Ajjijll sLa jLojIoiIj \jjAi. 35 . (GaAs (lll)B j GaAs(lll)A 

jl jj Jj A jjj£jj jjLaJjjj. ^ ULLji CljLcJtlLjl АЗ jjjlS j <JjjjaC-V Ajlua jjl£j 

36 •• -t.. . 

.4чп4а 
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Devices 


S jf>Vt 2.2.5.22 


ол& j 4ijc. j-U! Af\\\W cj^[ } ^\\ di! i djb j^-U! ^j-cuA'i (jl 

o jg_>! l_jj£jj jai J jV! Cj! j)a4\l Auj-ii^-a)! Aiiijjil! cil£j^k Ul ^_л djUjSUI 

* 

djl£ja-A)! ^c-aU Ailj! Cjg_> o^lc.! Aijx-aj-ol! CljljVqill (.*' Vhl-a .ьЛлкл 4 '\}y& Ajjjlj 

.4-ч%1 S j$a1 ^ 


Linear stepping motors 


Д jlaaJ! Cj!j ljU j^aI! 1.2.2.5.22 


djlnniV! j jj ji£l! Ja*jjujj ^gjl! A_i*_i±kll (Translational) 4л jLauailV! <-JajV! 

C <al"i-4X) (Jiil (J jA*A\ ^UaiilLj 4 L-a 'l V I оЛА (jLo ->SVn . l-la. dj' V LaJtlluj' V ! оСЛхИа 4lj jSji'l 
Л g я \лу) di^j AjjjVI! Ciliml^U Jajaijl! ja>*i\I j 4 j^.! ^j £3 ja (j- 0 CIjV ja^\I 
AaUajV! оЛА j -0 A-iaJjaijll 4jul,V^ II ^C-ulil! jl . Ll^LiJ! ^Lalill (Jj-Q ьМя l\l CIjIjjJJjoJIj 
. l^ii£j J A-JC.1 V J -а x^-il jia! jC-V 4 jar J jJ-ill CljljjjJjaJ! ^■Luiilui! jai ^j! 0 jJvL 

cIjIjLuiaIIj cLllj-^l! c_iiuj jj ^lc. JjVI c j^aJ! clj£jj 
jj j‘nS\l l_iiujjj j> 4 Д Lia'ia o jj^jj djlljj jjjI! jjj ^LaII o jl£ Jc-lij jLaxiujLj 

(Shear deposition) j-ai l_jiijj Almjl jj 4_ijjxil! aIjLoj ciUlai! J jL ^jc. jjjjjAl! j 
t> 2^ 37 ' 38 - C C. C' t> » j £ j (PTFE) (oJjjjVI jjla ^cbj) J _jj j^JjJ 

oL^il jjla cs^ l *- r J Liuaij! ATPj Д -aaiaI! CjjUallL-i! AiLjaLj Ac.jJ 1 a djl£ja-Ail <jluCaa. 

* -* 

-lajlaa. ^^Э jjj jJaI! L_11uj jll Luiajl s-LUl ojl£l! Jc-Uil! j-oxliuj! .PTFE L_fllila-ua! 

s я ^ 

sjjiiib ^ JJOIJA jli^l jl .JljjjifUj S J-UilA SjLa j-Q 10 рш IguiajC. 

L_Jiui jllll (_£ j^.! cljj>nl JIuj! C*’ )1a»"uj! .ATP 1! AiluJaj dtJ JajlaaJ! j jla ^ic. tiljaij 

AjjjSjaII djlnmV 1 jjj <j£Luill Jillijgdll aJjIiIaII dilcliill AijjfLio CIjI, n n'iV jCuIiaII 

c“n,w vv^j j-ixiujl dil j 17,-S .LijL>jj JijauoLA DETA j-Q SAMs cilijaj LuLai 4ij*v uiaII 

jja jC. j j> j . j jaI! Jij 4 ui.V)A 4—fll uiS'j * ul ^^Э Ajj jSjaII djl n n'iV ! j jj j'nSll ! j^. ja 
dlUlaj Ajjj-mll Lli! jo Jlll! jL<ixiuill jjllLa! djlSlij А1Э lljjfLii с“з\» Ci ^Uaj 

jiajIjJJ AiUai ^jlaui ^x-a £-1Lq ^ AjjjSja'I Cil, n n'iV! ^ . jj jjnSlli 

a£j^. ATP iiLjali lc. jjia 4, )\ч\1 jij ^ jj jj'nSW Cililij JLiU ji cvv'n .DETA 

.djlili jil jljjC j L_jU~ui! 

|jl> Jij ^aUaj ц$! JaXJ jl 4 oL>jV! Cj^-J 4_JjIuAj l^k ul'lj jj j'nS\l jl £ LU J 

jx>. 4 Д \Suia\I аЛД *Ca-Ilx-U . 4 jjjSia\I Cil П П QU jjaul-uil! Aia. jU! j L_fllila-uaV! jjA 
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U£^>aj — djLxijlj-aj (JLajLLujIj c. qJaxAi 4jjj5Lia]I CjI n n'iL/1 ojbLojj HeSS (JjjjA 

ja UjjfLiA Axluxe Д_1 ла1л Ajjal ^Э jj jj'nSll jl jlo! (jja cU ^ .4)~*а\а ^jla-uj £a 
jlj.laj 4 jjj5Lia]| CjI n n'iL/1 ^Alaj-jaJ La-Ijc. .1 (jm (JaC. J 2 (JIIl jlajxj jljjjjj J jjll 
CjI n n'iL/1 j-Q 'aCW a JaL»jl jJjCaaj] <j£-qj Jjjjjla аСЛ .aLjill oLajU L_Sjajj SLjall 

Aa'iaII t flLilaj-aL/! j-e 1-lj V 4jjj5Lia CjLjjjjj! (jl t^Uajll 11д ^Э .Allaj-a-Ul AjjjSLiaII 

. L^iS ja. A^jjjj ^jjuj^j Lg_&lj i c_j jI^a]1 

Lg_j£]j cL_aIa-uaJ 4jjj5Lia]1 CjI, n n'iL/1 (_)ла. ЯЛалил]! jjl£j]l оСА jl£-«ilj 4jl £aj 

c. Qxja j£-«ia] 1 jj 0 Jj-aJ tajiaLjjj JJC- UjjfLiA < 1 л_ 1 о 1 а ]1 JaLAjL/1 Ц» J .A^IUja jj£j V 

ScLa ^^Э JaLxuV Ajjj-aJ 4jj£a-A ajjj^a 8.22 (J^juJI jJJJ . 1 g jjj 4 jjj5Lia]I CjI n n'iL/1 
£_л CjIaI .llaj-a^U j^AJ tajIaLiLo jJC. JaL«jl ^LujL ^.1 (jm J^LauJ LjjjJa SjALj-Q 
Ig «^jjj 4 jjj5Lia]I CjI n n'iL/1 4£ja £ ^ « j'i jl LjjjJa cjaIjIa]! ScIaI] AjjjlaJl JjjUI 
.4jjj5Lia]I CjI n nOU Aja.jj j c_jlilaj-al j]]i ja ^Cijj .<juiij oLajV! ^ A^jaJl Ijma-n 
j! Я] jAaJ (J-oLa. jj jjjj£ (J 1 La.V jjajuj c^IauJU 4 jjj5Lia]I CjI n n'iLLl JjajU! c" n/'nll 

.JaAj]l olajl (Jjla ^ic. -If^. J °Laj\j ^UijJ 

j]| JJjuj Lua С^Э .£jLa (J3Cj (JIax'uaiIj Lk. jaI! 4_iajjl! jjiaj ^Lajj (J ja. 1 а£ 

^.(j^jj AjLl ^ jjjjj^ jja AiljjA Ajjj^ja cjbjjjl I j^a.jj ojXejj (Stracke) 

L_jmjVl (j-Q " jjl j" jjjlai] Ajc.jj fijLjaA LaI и1*ч1 Lgja. jj j!i£l AjjLLa CIiIaxjjujI j 

(Surfactant) jj jl (J-gL*j ^jJajuill *!>1)а (jja tJJjlajll оСД 17 .(Jjj£ja]| 

(j! . (jJ jJJjuU^J Lj ^jjuija jjljjjj — oc jL-aA ^xuiaj Lg-laJj (jja Ni-NTA CjUaJJj (JjaJ 
jj] jJjjj - CC (jjlaJl " jjl j" u_SjIall lajjj AijjJ! o СД (ja.1 j AjjjSLia Cll nn'il (JLa.jJ 

c L-oj jl j3 Ла]1 ^jIa]] ^auJ Laa Cc.la.lj 4 laVi i ^JajuII ^JJ 4jjj5Lia]I CjI n n'iL/l ja 

- 1 (g (j> n jjj <jjj£ja]I CjLmjjV! 



jlaUj Aajjj . Ajjj£ja ]1 ljUjjjjV! ^JsaIU! (Rcitdiets) "CjUaHujr ( flu/Vi 8-22 J^-ujl 

AjILU! AiialUI ^II 4ja! j]l Ajjj£ja]| dil nnofl jjaUI £ jaj LCjUa o jaLja]! SjLU! Ja j j Ci 

.(Ajjj aJ! fUjji]! Ладал U>a jlU c42 J^ja]!) ЦСа Cliaj ^j]| 4 -^aJ! (jc- jlaj]| jiaij 
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^AVi'l (J jj^j-q\ 1 jj j 'ijs'l ^Uaj 4_ujJjA (JLa-o i ^ (jajUI (J-o*J 1 (Jajl 

j-o (J£j> jA jjjoiL<J 1 ATP — ^l • (j -а^Э ^Э j jjujLq ATP (JLaxJjjjI jj j\a jc. jjJa\l 

3 j£ & jt>»i 4jf.Ljaj Jjc. UaAVi ^ u-aj jl 4 j^xn ^LUI (JlvJl (Jj\ii JJC- ATP ^1 

Jxj .LLLq (J1 Vnl ATP ^l J_JJ»Jj <jj£J Jaj!jj\! t Jj-iall juAj ^.^gA-uiajj 

AjLi'n (_£ja t^Axuajj\l (jjS £jjJa\l (j-Q L^J ^AVi-a ^jJajjl jjjujLUI ATP \1 (jjajjxj 

^^Э jjjoiLaII ATP \1 (j-Q 20% jjaj 4_ii\j 30 (j-Q 4 t^rij a^.W<a Aijjaj Sjji\ jj j'n^'l 

с_аЭ jJ !-\j (ji\l ATP \1 jj^JJ (jjaliail 4 >J*n jjjjjill 4 c.jjuj jjaLiail j\ j t^Uajll 

• ^LJaJJ (_\^ 





iJSjj i. . 1 \ . stA 

Cys-GGSGGS(His) 8 

OPJH 

w'.. ‘ ~ 

т Jja Cys 

F|-AT Pase 
(His), 0 
(J£jj eli эС. 

SlOj -LalrO 


Jja-> , jjts. 4_ajli 4* aa. д 4 LaA 4 jjja 4_ujja. jl^aJ jjjjsj jUjJI » 9.22 JSjUJI 

jjjj 4^jjaj з j^j : jjjJI >1 . jjjUaJLj ijjijoi) FrATPcise o» jljJ 

. jj| jiaJ S4C. i 5 i Lj|j jl^-aJI Л. aaju ,4iaj)jjlj 4jjjjjj) UiUjLaj) ^j-oa. 

Fi-ATPase 4»uli 4 п>д 4 j>U a uj. 2.5.22 

Fi-ATPase-based hybrid nanodevices 

F r jUaa ' н .'iU 4_ii^Jb 'j j J J. I jjj£j cJj^. Ujj£jj 4jjj^, i'il^lji Ljajl UlUib 

* 

Jajj i4 ALjjQ a jj£j Л Apij jjjII cjjl£ja^ill (jjxT 6 jg->VI jjj£\ (3 j> .ATPase 
djLuSjll (j-o ^J^xll (JLoxJjoiIj » (Uj^-qW jl jUI jjJaxil ^JI \jjj\j aIxjolo (J£jj\l j-o jLiiJa^ 
c jjjjjjll ^j\jjj-U! jj-ojj\! I j\ g > \1 *l ja.1 ^x j<a> 4,4 4 ),ViA dija clijLuj cjj^Aa\! 

dllaaj\ tAjjjAiil! Ajjg >-q' 1 ^JajuoljJj . j\ g >W AjjjJaC-^U! ClAjj^-Ulj jjjjjj\!j 

1 Ax n jl (Jj3 (JjIc.Ljj aJc- Cllixjjjolj cATP AiLja! Jxj jjJj jLiJaU! 


840 



^Uajui ^^Jc. oA W a 4 ‘jSa! ^З ЯзС J £jJajj (9.22 (JSxxJI j ij^\ 

(JLajLIujIj 4_i>L>.j ©jjLuj (_3j3 Jliill jA 50 nm 1л jLLaal jlljc А^аУп <iijA ci j£jl! 

<dja-A (jji*j A_iauaj! jjljjll djjio-all CjLujUJI (jjuJaj .<Lljjjj£)V! 4_AjaJ! LlSijOjJji 

jljjj £.\_ii! jljJlil ^ 4_iaUajaJI dLylc-liall j-o l— Sj\ Ч a\I c" n^k .4_а1а1л ^З .lalj 

LgjILq Jlni! jl£ Laij .100 nm ojUi jA ». j Аа' 1 а \1 ^aLajl! ^Ja-uJ! jIiajj ^^Jc. j\g >11 
c1jI£j^a11 ^Ujj! jji*! jj^Ajlj . J£iji! jA ^Uac. cj|j ciIaIc-j dij j£i < jj^viil li^J 
ciilca. jl! CjLuiLuj! JLujI Uiiljj (Histidine)io nL<uai! j ^UxiJiiA dij>. <(J^UU^ (jLLiAj 

. jjjjjjll A_ic.jill Llij j lil! 

c1ijjj£1! ^Liaj^ (J\,A»jxii\j \ '£aa а_1с. jill Lolc jj J£iji! c_ jj\»j ^ u-ol 
(jjl ^ j .^gjtjfla jjc. L_jjLaib ajc. jil! Lolc. оЛл. j ^ jj>. jaI! (Cysteine) jj/u jxxill ^^Jc. 
! jjji^j j l_j jc. jaI! ^1£а1! jjc. ^ L*_uja jaja jjjjjujjail! ^^Jc. "(J Jji!" Fj-ATPase ^ jj 
AjjLi (JLa*Hui! (jjjia .lic. I^j (Serine) jjjjui! Jl^ilui! (_^j> t^j^^ Lill S.iaj «^ic- 

jj3 j£l jJUjjJjuJ jjjjuil! jc. <jJa\_*JjaiV ! Cjj>.j .£3 jJ! jai AUja Clll jiia 3 j1 jJ 

(JS xxi \l jJail^ JLxaI! cjojijLii! JLLj! (_^j> c cIjI jjj* j\l c*j .jljU! jjJaxl! "лаз" 

jiijjjl! 2 _jl-^a j ^jjja. jjj*j (aUaj FpATPase — 11 Aijj^ (j jJ^ a \ I (5.22 

jjj jjJ! jjlxij CjijUlj Liili £a>a\I jjJjjUl ^UUaj^II Jj^xil! JJjJ .ojJJ^ C1 j\_ia£j 
C lll£jauU! CjCxj Cjix>i^ j ( jjCj^Lij jluillj UsaJ jll tUlj jaJ J ‘Lolc. jjJJujJuil! CjajILa 

. jlni! jA CjIaLc. U! <1сла1! 

Uiljcjjii JLaxLoiU <750 nm JjUj 75 nm jULi <j£ijl! j\ нАз c‘ j» н-а 
•CysGlyGlySerGlyGlySer(His)6 oj^aS ciil .jnni ji £_a cjjJakj ciAijji^i'il <Aja. 
Яз ^л-а jaI! dijjj£i! ^Ua£j J£iil! jUxCaaj 4axAi\A\l jjc jjxxi ig \l djLjuilj JLa*jui! (jj>. 
3jc. t jjijjjiu 4_a_lLtAi! jUjJaall ClllaJ j . jjjjx xijxxi'l CjajILa jiijjjl! jjlxil o!)Lc-! 

LaLc. Siajl! jji Cj>. jaII jjCjiUjjjuii! <LaLc.U! j uIj^a'I c!j\ » A>j £a L^liiLcaa. 

Cj jjj£| . JaLlijl ATP —il jUajiU <1 >\а1£ \ » j a > j \ »*a> a cilli 3»_l jlg >\l ^Jj-al .A_iC.jill 

* 

L_fljj»_Ailj .Ajjx-aji! Ajjg > a\U JaajUi ^ iSj Laj Sjjj£ iUj^ a\U 4 а\» a\I jUjJaal! cLul 
.A_iil£jC! Ujjc. \ gjL^LLa (JSxxij j£ij <.4 iUa tCiic j^A jjj£j j»u-a! diU j£a j! 

j^Aj <^g-j\jAjS (J^ja 4 хх 1 ,Сл Л FpATPase £-a Ja»J! jA cjjAl! (jj cij 

4 xx, сл dij>. 47,48 <j^*-U! Jai jl 4_ijjjjjj djUjii (JIa»UuiU 46 .<jc ji! dc. ^ilijl j! 4 L», xU 

11 J^jj jxiljA jc. J_IuiaiiA aj£a! Aic. cii\£j^ a\I ^з ^Uijiii! jj^V .Jajj £3 !ja ^ii^L 
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1 Ag ь>1* \ Л <Jjaulb jLjC. jil! IjJJj lill jLAa. jll iiljaJJ C(jjLxl! (JjX-uoll e\±l\ .ATP 

(jj jl^A Ijjj — lall jjajaI! ^-Aj^a Aic. ftAjAaJ! JaJjl! ^iljA AujAaA CIjj^j S jjaxjl! 
C£3 ja1! £_a Ajllxij JaJJ jj Lg_j\i teJja . ja <iljjjill CjIjjjI jj£j Lo-lic. .LnuiJ ftjJJ^ 4-^.1 jl 
1 g bs-j* ) 4_Laji ja LjLlS (jj£j cJjjVLj 4_Laji ja 1 g ajA'v 4_JC.jil! LLjJ Lil! Cljlj^j (jVj 
f. Lj Jj ^lIa AiLjab (Jjj j^C. L_J jLujLj j I j! j£j \ g Ijat, Л'п j l1A£jv.a\I ft Lfc <— sLajj j^AJ . jjaxjll 

.jjjjjjl! (jA *Lj jjI! jjjj ‘(Chelator) (^jL^) 0 jLna j uVic . j 

ЬШ сА\иШ J CA. £ j^a1\ ЯдЦ 6.22 

Enabling molecular motors in technological applications 

ClbaiSjj ^! о j^_^V! AjjjjaJ! Cljl£j>k a\I 0a.i1 o j^)a\! CIjV jL^-aI! CljjLc. 

Jc. jLajc-VIj cojJj-aal! jLac-VIj tAijaJ! jjc. ^VWI CjLjIIj <.A *ja\I CIjIljLlI! о!Яс.| 
j£LLU! ьЛ$1 J jla. j\_aa! ^jjjjuj . Aj m\l Jajjjuill AjILxI! AjjujI ui*-k\l j ^jLaj^W Jj3j1! 

ss > 

.AC-jjuiJ LaL3 ^^uJxaJ jl (JI-vaII Il^_1 ^ajujJ ^-fljjuij ift jg_^.VI (j-o <1 aI£ ^__SjL-a j)Jj£i 

Diercted device assembly S j^bU aLj-JI 1.6.22 

^lc. o_l^.jl ^jlil! ^ jaV'i\L A -vVia\I A \l AjjjaJ! AjjjjaJ! ftjg_^.V! Aajxj 

aJU ^jLjjJjuj! j^Lj IAJ^. (jAxj bJJJlxj J ^Aj cA-Jj^aW j ja.^1 jLuJjj! 

LgJ j! tLjjuij jLls <jj£xll j j^.VI (jjaxj jac. jjfL LaAjc. t(j£lj . ajILaj^W j aj^jIjjjI! 
^.LjI ^jbLW j)Ajl! ^jx-aj t jjj£ v (_^i jj\^\ a ^^з aljja-A j! co jj» x^i jLLjj! cjuljj 
Aj jAa\! в j^_^jU Li\£ jLLajV! ^\^'1 «^jlil! ^ja-vM! jjfL (jlj .lAa. !jjj£ 6 jg-^.Vl 

^aA\ t/a'i'i (j! ^ V . 4 u^_1Lxa l. i\La"n j! Ajjjuj jLijj! j-aj\ CIj! i (. I ja.! ^^lc. 
(jjjl j \ g я a ^C. jj (J^uujj Lg-IaJjj L^Ja. jJ rvj jj 4 oj^.ja1! \_^_з!ад! djLjjjjjl! jjaxJ 

.LAjjc. ^xa 

(Jj\1a (JjLj j! CIjIaJui'v'I AAC. ftjLjj ^AL-ajl! CIjVAxa (jjuiaj jL^aVL Aj! £a j 

jjc. AjjujAj^ll jl^joiV! j! ftjjLl! £_laal! <1L^. ^^з Lsl£ (jjfL cj <^lli j£lj t^jAVi'l ^ijc. 

A_LLj^£i! о j>g \l j\_AXjjujl a '^aa'! iAjL jLaI! .ftj£^j\_l AjjLxI! 

49 л 

Ajjj£ia 1I Cili j£JI j DNA liJI C n/'nl CjLuJjoiI Jll c(Electrophoresis) 

4j j^joia]| JJC. Clll_lilj^)l]l Я]1_^. ,<xli_aj| j]l £jil y> ualll 
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(jc. A jJalaLlmVI '' (jL^J ‘(Ioilic bllffers) 4-ljjjl dlLL^a J Cjlj j£a]I j 

(Dielectrophoresis - DEP) JLj^l Jjxi' » _>^$j ^«Ujaball jLjjIIj AjjIjj^£JI e ja^JI 
(jj (JOJJ^JI (jajjjS Jlo AjlijjjJ (_jjj Jalijiv DEP JLaxJjul (JJ^ . l—J jLiLo jLj jjjLij 
(Л 2iLjal 5 “.14 nm Л UjUail Jj^jj jjSjV CjLj£ (jc. IjLjaa S1 t250 nm jiaill 
(Traveling-Wave ‘LojiLUI diLa. jaII jLLj M jj^LII J j*JI S j^a JLuLjjI jSjij cUlli 
((jaljj Jc. CjLjjjIIJ Jjj SjjjjLiII (— i LujjiaJ I lilij^jjl Dielectrophoresis-TWDEP) 

f. LuJ jl Л*-А (jjVl jil j^AJ • I g X «Q (J-oLtIl]| J dil XiJul-sW «AV|a\1 ^JaV|\ 1 ^Llll Lxuo 

CjLj j£-q JLkjJ j DEP JLajtlLojL qaLua £<э! ja clL jjjjJI l“ n m i 4 (Docking) 

4_lLa*J! j!j£j J cTWDEP ^Ja-ujl Jj Cllljjj jjJl j-^jja ^Vill c" iVj (J j^.1 
j j£jj j TWDEP (JLa*jjoiIj Ял_а^-а 11 oj^.L/1 aJ! jl ij-lxJ j^AJ • lW^L 1* А-ЧА j\ g ,y\\ 

.4 i\a»\1 


Control 


^ЗЯ 2 . 6.22 


jj jj j\\l Jja CllUj^ а\ 1 (jjaxjl . Igjjili J 1 g'n jJa j j)A j\,g ~ч j «AVl\l jj jj 

Л jjlxij ^ jjJ ATP $.(_£ j^-11 ^^jL (JL^l £.1 jaJ \-g_! ^JJJ Aj*jja djLJI 4 jj jjxLI j 
|ЛА £-1 aj ^.l_jjjjj1L c j_£l^l j AjjjfLiA Cj\, n nil (Jja^L ^^-lc. Clill£ 1л1 oja A *иаЧ 

jj£j сШл] .Ujj\£j (Jja^L ^^ic. jj^ V LaCjc. л ji jil jCAj (Ja*J! j-° clI£j^.a\1 

(Jj^.1 l_jLiujV Llajlj 4 xtiT L t 1 u*i\\ oCjLa 4 ij -чА) jlg-^. LS^ С1 зУЛ )а\1 j Cj\ a^ У\а\1 Д -ujAIA 
Cj jC^. l V\g ) <.4 ij* a cjUniajl LiuiLui! L^_aL^jJ j! dA£ j^ Л jj^L Li iAc. jlL 

. Дх. jjoJL ^AViU jl tA^j^J! a_i^.jj] j! 1 4 LiCiiVl (j>»« i 

^IUIL (JL-ajV! (J$ L«uq cLjLj^ o jj£jj 4 Li ij jaII o jg_^VI L_lIaLkj]l j£-aJ 
4 jjL j^£ll CliV U-a]I c. ^ i uCi jl j^Aj • j\ g > \1 ^gJj Ac. jjuij Clil jLui'J 1 (Jil j 
ja j ^ i utii cilli jl j^Aj . \ g \aC. ^ jjjLU c_al£ jcL CIiLjjjjj]! o jjoij A_i^.jLk]| 

JU-L <j\ Viu.il jjjjjjll j-o J j^.1 ijlij^j luCij 4 jjjjjj]! A-iJaS jl Ajj^uola 

jl ^iLij 4 jjjjjjll (j jjqVUl .LLuij]! jiju jl J^-^\ l^ jj*j1I 1*^-1 j^-^ . (JjLa 

^AWi ^jll! 4A_f-°Lj-JI jl 4jjl£]l A-jjLuiiJI diLjJjjj]! j-o ^jjj^ ЛЛс. tilljA . LaLaj <аэ jj 
cIiLjjjjj]! o л^ * ^ л-1 j^ a s . д q \ L \ ! j ja^]| jj ji] 4 j l *s.*i i J \ Jq t ( j tl j L >1 tM \ \ 
.ojja. jaII cIiLjjjjj]! (JjCjLI AijLj^I! I^jUoiL^ (JU*liujl j^Aj i! 4 * 0 j^-^-l \g 
j^Jaj . 1лл. ojjj -аэ jj^j jl ciaLjjjjj]! oU j уь (j>i* U AjlAjll U\ Viu.iV! dll Jjil j£-aj 
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CIjIjJjj .lic UaLoU tLj.W c. jjjjjj jA j t(PreStin) (jjluJjj]! 


5 ^ . ji ja j\ft'L 

; f 

.<JJjjJaj AjjLaJ^ dj' V Л 1 л 4 L xil jJ (JjJa^l (J^jJj ^a-l^i (jl A£jVL 1I Sjg^bU j^-aJ 

^ij 6JJ.2.2.3 ^a-uiUI ^э UjLuj jj^aaII s-Ljjj]! (JLj-q (JLq c jjijjj]! jj^xi (jjjj jj! j^aj 

AjJjdal! dl\ ^Vull j^AJ . l^JJJJ (_g-3 (_£ j^.1 4 "^a U j -й j! djljjj! ija. jl c.^ nVud £ jg_a.l 

tl.2.2.3 ^a-uiU! (^Э (jjd3jj (jiS! jjjujLU! ATP '! ^aUaJ (Jj-o Jj3j]L Aj^xj]! ^Э jjjj (j! 

ojl^j £ JjoiLa]! о' £A J . djlijijjj]! £A OJjjuLlA (Jclijj (j! 1 g j^Aj j! 

Д LaLi'il djLjjj Jjjll (jo ! Jjj£ L»iC dlLjA j£] J ijV! (jL. (j'wT ^aJ (Controls) dl\ а^Уа'! 
^Ia j c(Rhodopsin) (jjdoijjJjj]! j c(Bacteriorhodopsin) (jj^jJjjjjjjj^jJ! J 1* Ln jjda 

(jj c-jdaS jiajxj]! » 1 х _1 AjKLLj djljjiu jl LnjjJa 4‘j Vuu-a A J-idi'll с""а *1 (^jiS! Uja. 

,A ij» -о 4_ia. j-q (J! jJa! 

(jjjlaj (jjjJa jC. (J-AaJI jjjxjj dS j^-aS! JaLaal ^£jj\ ^Ja'I ^jJajjll (jj'w'j j^AJ 

jl£ !Л tUj^^allj (j]*-o d]jVj-o & j^. (j! (J-oxJjujj ЛЭ . 4 jx j A jx -о j! AjjLjj^ dj^La-A 

dS j*4 a'I jl£ ! i! . d]j*\ a'I LgJ (jiajxjj (jU! l_j^»j-u]I *oj3 'ajLj] t(^_^.j\_k (JL-aS 4_da jC. 

.Дх. jjuJ! (^Э (jjd£Lt-«a jjjxjj (J-aaJ! (^Э JJ*j (j! (JjLliui^ cALjL £c.li£j (JaxJ 

ДОД jjLa* 3.6.22 


Energy sources 

t! jjj£ ^]э jAx-a-o ATP SL AjjjLl! AijjaJ! djVbll 


jai 


^jj jjl! (JLaj 


^Li! Л Ajj.w (JUc! 0jLj djJ . I.W AjIL^. ATP S! (j-o £AW*jA ЯэЦа j^L-a-u £j^3j 

£a F 0 F r ATP jl'j'uxi (JLaxIIujL Aj,J \)\ dj^L-aJj^. (^Э <ijjJa]L (JJx-q ATP 

58 .Ajc\ jL x -a l (Photosynthetic) ^jda l_jj£ jj djljix -л j! 55 57 (BR) (jj^j^jjjjjii^j 
j djLjjjjjl! (JiL LnjjJa 4_Ldii Алх -IjL Ajijijjj 4_а_х^А ( jj > п t j ^ j J j^ J i l 

^c-dai Lajc. . jjdxkl f. jda (jjJji j-aL-aj-o! ^xj 4_iLJI ^jLa. jjjaJ! c-LLxJ! 

jjc (pH) (_jj> jjjj^S! idxJ! j a j*\ ххЛ (^i ^ jdi jj£jj t4j\4\l ^ jL. Л djL jjjjJ! 

cATP jLiui Aj-ixlj] ЯэШ! (jjA^ll !L ji jj .LjLj^£ La-daLi L ja£ ^cdij t4j\4\l c-LLc 
^LiiV AjjLaj^ jj^U! L^li^Ua (Jax,"uxij cAjLJ! c-LLc jjc diL jj jjJ! ^L.j! »iic t^jJ]! 

i j$aj/L \_^_^,j-Q j£-aj dl]U tl^jlL A-dli Jjijl] cUja]! A-dJajV! (jV j .ATP S! 

. j ji j]| (j-Q £,2j.W A JJC <Jjo1 A_1a£ Jj3jj] £.2 J^ JaS! 
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Device fabrication materials S Jlj-a 4.6.22 

^jj]! cIjaSI jA jji-ua J ^Jj^ia. CIiLj^a jA Д-С. j) CllVI s-Lj ^а~ч 1 

Clllj Vq'i jJjlaj j l*sj cAj^al Jjll o J>^l аЛЛ ^Cj]j . I.la. 4 д\“гч a (JaLxj j 4ua-\\_XA CllLALaliA LgJ 
AjjjJaC-V £_lix-aJ CllljjjJjjj jJjJaJ C—ljL^. ^]j .Я_|Л)\У| JJC. jljAj ^j-saLk £jju-aJ 

j ^ j W \ t ^ 4 Д_3 jJaJI 4_iJJ ja_\! CliU J^a]! 4 t чЛ*'^ \ 4 jjj j^. AjjJ^. CllV J^ ji J JJ J 

V tL-QjAC. .(jjj^J! j (j jjLJ! ^^jjj-ajll jjJjuj 0-q^j 0A-uj j! l^jLL jA A_mj cIiVj^jjjjj 
Ajjj^J! Ajjj jaJI CjIjjjjjJ! jAbj (JjIIaILj cAjjj^JI л! jaI! ' л ! jg i 4»j uA\\l AjjJ! ja! jj 

. CljL-a jaI! t, fll ksi il lU/il dl! Лх -aJ U л! ja j 

<пл1^_а\! oj^_^.V! (J^L Aa^-LJIj ^LJJlSL л Lyi jaSI diLjjjjjjl! ^ljj] j^Aj 

l^J ;A_J\j]l ^jUujU l_J JC-JA 4_JjJAj]jj]l 4jjol£iV! (JLaXJjuj! j! .LjJa. Я1з! JJA C1 ||jJaj]jJ 
4jL-a j-Ul£ j-aj\ >/r\ jjj-a£i j£ajj 1 1л» Vi j!i£! tAj.Jn\\l AjLc-VI j-Q jjlal jaC- 

Aialjj л! jaI! ja jjj£ ЛЛс. Cjjj! . jjjiaj Ц-1 -uAjjj] Ajjlij]! j AjjjjjLlVlj Ajj jjV I 

Cli! jaj] Jjl! J W jj£)LaJ! (Jja Л gjjh j ^^Jc. Jali^J! jj Aj3 CIiLjjjjj ^aLa^] jILaJj 
* jjg_^V! (_^Э 59 .(cja! Jjj£!) J Jj]l j t( Jj^£ Jjjji) jj]! j t4_iA^LgJ! C1 iL\»a\I j ;<£_1аа]| 
cAjxjjia]! 4-iLiC.jJ cLxjV! AjjLjI! 4x_nLal! ^CuuljjjuJ j! Ajjjjjjj]! AjJjJ! ^jJc. I. VNJ C* ПЛ. 
4jjLa]I J jJaI! l_^jj j-U! Cll! jjaj] Jj]| J Д -IjJaj] Jj]l dlbL-aJjaJ! JLajCiuj! j^AJ 


60 


. A-LuiC-LL 


Engineering issues ДииИА bUai 5.6.22 

^jil! jjjaJI <AJAU-£3J ^ajL-l j! 1*4 J \>\l (Ja»,* 1J jL§-^ U/l (JA j^A*JI (jja 

c1iI£j^.a\I (JjaVi j^Aj V • I л jiiA 4 j! jsJ\ jA j^. diL jLa j c. ! jV ! Lg_da jL 

(.. 1 uCn jl (jLaj (j jil a jg_^VI (jjajjxi j^AJ Vj clLLLVI 6 j3 Cxj La ^JJ AjjjjjjJ! 
j^Aj . Lgj3 jjj j jJ! Cjuisj cIiLjJ L^uCaj jxj j^Aj V j ^ L^i j-Ci j! LjiL j£a JL-aajL 
cajljaJI 4_^.jjj Л \l a j^-^V! LgJ jjajxlii (jJ\ Aj n Jl L_fljjla]! j! JajjjuJ! L_Ln-ajj 

<Л juCall£ 4_ia.j\_aJ! JaIjx]! dlL£j пЛа\ 1 j t^jjjVl L_Jj£jll!j jj£jll!j брН \l J 

.! ja. ^JAj <• dlju-al! j t (UV, IR,..) jUJ! 

JLa 4_aj . ^^jLdaJ j 1э jCu-aA L_ajl jA (J4*-Q jjjjjJ ^^lklj]! (J jjl Jl JaI^j]! 

j-a A-nJLl! Ajjjj i—ilLj Cln^. (Titin) j/m'l jjjjjj JLa jA j-a\_k 4_^.jj lcja. jjj JJ- j- 0 
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jjjjjjil ^gic. jjlxail Ajoil £-a "tilijj" ^jiil 6J.)*.x«a'l Ajjj£J! ^1э1_1а]1 ^уа л1хЛхм 

cJja-) jja. ^ Ьрьау) cilja-All j]»"n Clll 2 k 4 J \)>g ]1 CjI£j^-a]1 oj^-al 4JLa ^ . ^Ja^'l 
(J£ LgJ £uJaVj jl ^ijlxJl (JA ^Jj\\ L djl j_g_aV 1 J (Jji]l ^^kjj jl jjjl j-Q t jVl 1 Аьиу 

. jAj]l ^Э SjjJaLa cJajljj]! j-a a.lal j 


Conclusion 


Д-и£Ш1 1.22 


145 tJLiA^ jjjjjj ^^Jc) l^- j^j^ ^ jJ! i-3 jj*-a!1 a£j^_a 11 djliijjjj]! ллс jl 

CIjLa jjjaJI JlC jljjjl £_А jjiluiAll Jj£! J-uJJJJjuJJ ^... C jjjjj^ 268 6 jjjjJA 
Cjlii^j J ^xjjai! Lg_jl£ui Jiajl djl-jjl£]l j-o .lilxi! djjjlaj . L^jLuJuui jjaj ^jJI <Lol£]l 
ja jjj£ Clc CIjIjjJIj diljjl^ll Clxj Л .tilliA j acaJ <j j^aII l^JljjjjjJ 

<Laj.jj фН J Lxjj Л q]j*4 a Л 3-ai‘jjl j j^ajl tJja-A j£i j! с" n -ч l4 q'j'N а]1 CIjI^j^a]! 

^uJajTuii AijjxuJl l!jI£j^a]1 ^^jj JlC jljjjl £a .<_£jVV! 4 _ajjj] 1 JajjJJlj tajljaJ! 

l^jjjL djljjjj Jjll oLa 4j£li ^JJJ . jAxT J 4_i£jaJI t ijUa j]l_J аИлТа]! LaIxII ^Jjlj-(J1 

(J j^. JijxuJl ^al£j . Cjjljlxi jl 4_iuiliA Cj! jLik ^jl jj to jj jj IJAj 6 1 g jjn j 

jjajx] .A-ixilj jj£ 1 lj-®l S-jJ-l^- 4 -^J^-a CjlLijjjjJ Я_^1 £а 1 ^J-uaj t^jjljuJI аЛА 

сЛл_а (JaLxJI jjfL) ЛЭ 4<3j-^a]l aAg-Jj ;JaI£]Ij ^cUaj-^al cJja-o ^jxu^a'i j^-aj jjx-o 
4 ^ j-v -a\ 1 CjjLjjjjjJl ^ lf~- C_Sjjui .JJj^-ul j"Tl 4 \j* l'i'h j l 4 jj j t4ja_]l_XAj ( 4* < *u Vj j 

j-o 4_Lal_£ £ jTuiil .jTu jj L_fljjuij 6 4, j j jjj jj]1 jjc ClA£j^ a' 1 (. t n^ jij -tjAfc^ijl CIjLa j1x_a]1 

. 4_j jjJaC^Ul j Ajj-ucaxl I Jal£]l ^aJI 

c-ljj ^jlg_J! L-fllgJl jjfL t J u.i.V^A 4 4jjja. tlilSja-o cjjli £ jg_a! s-Ijj lic 
jj£ 1 Acjjui jl jj^I ac.li£j ^al g Ai ^!>LiajJaVl ^g-ic o jjls Ajjjlj 4 j^j jl ^ja CiSS\ j-o 4 AJjjl 
t^JjAaJI Jij) 4-iui.li^J! Ljjl_9jjaj]l a . (J j j^jaII j ^Jjj£La] 1 j^iuil j3a11 ^Э L^IIIjja j-o 
.4_jj£uJl lAl_il)Lklj 4,)*ч11 4 а)УЛ1 ^ »jI-J1 (_]ах 1] 4jjllaA (••• cjauxiVJI c^tuJail tjjxCuj]! 

^gJc - jjaxjil 1 g ks~\x \ ^Jc S.1 ajxa 4jj1_xja CjjLjj^-o j-o CjI» aVJI dJa Cjila-j tciiiJ j iuni 
Ulj . jjjjuJl jjjXo Xia 4_xjjlail ^Э — 4j]l_ail 4_iAJA_uaj]l LjjjC^ jjlVij Л j» 'Jl j-o jjiLiLo 
LjjUacl JaVI ^Jc« 1 g j^Aj^ c4_jjxuJl 1 _^-а1_^_а e-\SS ^JIa]! JjiaJl 4_xjjJail t_jjjl ajai. V i j^j ^ai 
^Jc Ig lclijj ^LiuiVl tiljVi 4 j3j£ ^Э jjj£ Ла. Л 4 д]"тч a jj^q'i l_jj1Lui 1 jc £j^3 
. L& jVm ЛЭ 4_icl_jia-ual CjlLAJA-uaJ <jl jjj£ la. ^Jl jjuia-i Laa (_£jiLJ! (jiLiLJI 
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1 g (ji Aj^jU]! A-ixAiLall CjVVI (jl^-aU . Ij^. Ai^jjoLA (Jl^^all I^J C1 jIx3jj]| 

j! ул j C(_^_jjaa]! JSxJIS 4jj3j Ь.Удя ^ ^uA'i lg '*>J Uca <Uj! j jil^jjj IjjIJ 

jj-ojj]l c-l jL^-V ^ Laj 4_^-a.1aj o.Vq» ^ C1 jLqj1»_a jjjkj A-aiaj!j u_ и : ;л!1£ 4 o£ja 

оЛД jj^i Vij c^c_uijj t^_3 ^lc. fij^i]! (j! jdi .AjjU. 4_liJaC. Jklj <LgI£j (jjl^l (_g-oj \)>H 

i\j]jc. .U1 j^. (j* ^llxJl J_j_litlj J <iljj AjjjJ djl Jj3 (_£.jjj U— 2 jjjj AaJajVI 

. 4_LaJj-aj]l e l^l! (j-o jj xjoa , jq'nl UULaxjjJj AjjJ^. AjjjU dV! AxdaJ Ja^S cjVl 

(j]UA tJx. jj!Loj а^ЛхИл djUlxJ fi j^_^LH (j-Q ^! jjl Ujjj3 £Jjjj j]]j 

. jLg.^. (J^ (^з Дх. jjj-o ! j^.! ^_iAdj j CjUj j^J! -Uj j] ju£l djl j' ^! j j.Vu^ ^Jl 

(jixdiJ L_fljjlaj (joajUoa^ l^J (jl]l dA^j^v-all ^JJJ L-Sjjuj djl^j^Y-all j-o Ai jxJ! c__fl!_ujj£! 

^jSjII £-ej . (jjLuJ! ^Э 1 g'!c.l u^i jl^-oVU jfU 6 jg-^.1 u-^"i S-lijS c__ajUajj djlc.jjuj j 

u_fl jjuj t A jjj-yII AjjjUl! djVVl ^Ujj ^З ь jf^JI (j-Q jj j-<JI j C1 jVU-a] 1 oU (^Э 

# > 
.(jjjaj 1_лл 1 . jq»"i jj^! Sjg-^.1 j^-il 


Further Reading 


AaaUaj Cjtpt J 


: 4 ^ Ul CiUijj Jl cUjj^ j Ua. j\ jJ AjUIj UUq 


Mechanics of Motor Proteins and the Cytoskeleton, Jonathon Howard 
(Sunderland: Sinauer Associates Inc. 2001) 

; ClUu jjJI j <jjkJI AjjjJI (jc. U-^Ujo jCa 

Cytoskeletal and Motor Proteins, T. Kreis and R.Vale, (New York: Oxford 
University Press, 1999) 


;<jjjjJ tUoAll 

Biochemistry , L. Stryer (New York: W. H. Freeman and Company, 1995) 

: l^Le. j ajUJI Яи y*. 41 . * <1 j ^> j 1I eiiU]l 

The Molecular Biology of the Cell, B. Alberts, D. Bray, J. Lewis, M. Raff, 
K. Roberts, J.D. Watson (NewYork: Garland Publishing, 1994) 
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Questions 




?MEMS — 51 j Aj£uI£ja 1I Sj^Vl <jjj jjjJll 1 л .1 


.F r ATPase j jjjjjjJlj jjjjjjSJI jj J15 Aj j jvil l CjIjjJI jjj jjli .2 

CjLjjjjjVIj jJ jjjj^ll (JLaatJjjilj AjjAJk (JSi ^Uai (Jjxjjj j ?.ljj <jLaC. Л j . ■ л .3 
.aJ-laA (Je-Uj AAlai л Lj^jla^jj j jjilia. л jjjljAa (Jiij t^jjjSjji5l 

I ■ >*» ■ jSjj (^cjjUI I 'lA ^juk Jjt-UAuj J j ja ^ II j jjjaj I l_Jjjx 5I (jjaxj j£ jl .4 

. Ja jiSJI djLiijjaU! jA 
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(j j jjoi»J! j Clllliill Jj-^aU! 


A s 4 jU 2I 4 jxjLUI 

Nanofluidics 

( *'lM 

' 1 .'J' "' a A jjLj^IH 4 ■ ■■ Д 
.^JjjoaS сДйШИ (JJXUI JjajLuia Д£да (AjAjijjJi Л . 


Introduction 


1.23 


ciul£ а jjjr j.jo jjLijtLa л!с. (Fluidic motion) 4 _i*jIa]I a£j^J! 4_UjC jj 

j-o Jaiillj $.L<d! JlLLl jt£ tJliiA]! сДи^ АлхмХ^ cIiVL^-a j-o L j^. LajU 

Д, *а)Л * 1g II La^_a I j-q! (Jl jL-oj 4_Ljia ojli] ^Ajjillj jjL-k-sall Jja^ AaaLolaI! j!j-<d! Jb\d 

(Micro (_£jj5Lia]I J-qH]! (JjlVill L3 jl "LsLij ^^_1с. jf‘i4 aII" ^ j^-L» JLkcj *Uj .4_ilaii]! 
^ LixjL-o jjLjl! j jj5La]| djU^j]jj£j]l <^i Ь^и-о LaLuaI total analysis system-jiTAS) 
aJax-o I J^j LUL^. jJ^J . ^^uJal-A]! ,Vq» II (JAa ^^_1с. jUJ^. j] J^fUlj (_J.- XA,, ^^€ |<Q ^ 3jL-o 


(Jj'Ai Cj! jj| L_ilLaJjj djl j пЧа ^ Алл. jljjJ! j Д -hIjajSI! (JjlLdl! 

C1iLia£ аЛД JjlVill (jjljia ^ iDa'Vi ctiili ^Jj AiLjaLfL .ojALU! yUxil jc. iLjJaS t<ii^Aj 
\,g jlc. (J jian ^ji]! бЛЧ» aII dll j)-a4ll Ji>LL A. n»,ll ja J j^.1 jlcii 1 u j A n» II ja A аЧ »>) 

c s > 

f Uii V‘i jIIaVL j)L li! I jj!i£ J^Lola]! oJA l <aqVi c_fl jjuj .L^jjijj j 4,n» II jdadj 
(Jx-oq|| CIiIjIaC. ^ *k\"y Vill jjj| Jfl ■ jV‘l Llajlj . Ija. ajJXj-a jLtj! ^lj ^Jjj^JI Jjl Vlll 
lc^ ^ajg L J^j j }A J jl ^.Jj-LaU! <j\ l“uj| j <C.jjoi]! c“ П*ч ja LjaC. jj» x Alll ^Jjj^J! 


( 'jongyoon Han, Department of Electrical Engineering and Computer Science, 
Division of Biological Engineering, Massachusetts Institute of Technology, 
Cambridge, MA. 
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(Aijliil Ual ji. jjLoj _j£]I) (_£ jliJI >_jl j-'j'u-U I jaUij Ijj£jjI La-ljE. “’ to ji-Le j o (_SJJJ jA 
1990 j»L«JI ^ JaJJ t j£ij .jj£iLj Jilij jjJ Ljj£iji JijJuJI (Gas chromatography) 
(Micromachined chemical Ljj£ij JiUbail Lg j l; n ; < J I J j\VJ l ^Uii Ul ja jjUii lSJ^ 
(Micro total (jjjfLiUI JjiI£ 1I J Jvil l UUaj^ '.AJLLajj jjLa JjS jji analysis) 
jj-iiVia'l iULL^IjiVI j iSj^iil Jjiill UiLL^luiVI JiU cUljUI ja л^л»1) analysis systems) 

CllJuJj^il - jualiUil j Jiiil A_iLiUj iJ^VI <ai£llil j 1 jjijjail ^JLaajil ^JuaJI j 1 . LLlfLIi 

xjjUla j ijUj £-a l^jJaLail jjiil ■ " '1 ;j» ujJ A_ujal_i. A_Jlc. 'i-Uli djli - J ^ CjlxajJ 
4 ' 5 .(Human Genome project) <_$jUJI f> ^jjUi-a JL» U-\i>i V?.ji jjj 
_^J c- »M A j jSj_U' ^ja. ji ^jjil J Jl_laj£ll JUVill jjjJaJ ^Lajj (JJ^. t jU I AjlxJ 

AjliJI JUvi Jcj t jiijjjil JjjsL Jcj t(DNA sequencing) jjjUI jjxaaJI JuUuU 
j ■■ ■ (ji^j t^^JjjaJI (JjiaJI jjiil Jc-j t Л jj« И (jjjauJI jj£jiil/ j_; ulaxjiil j tsAi^jll 
'ljJj jia J Ujajl ^j^jaJI jlL tAjJjiil jjLuill diU a£_a jjjiaj ^UjjjjUj . jja j aj ja. 

jC. Clll jjjj jaj jl j£-aJ . (jal£ jjjai^^gJl laj£ jjiaj ^Uai djU j£_ail оЛА j-al£ji 


jjJaLa-a jiii£ j 1 ^jal jUI _a J jj£xail jjjil jUajil ^Uai jja A-alxil tjj jajil 

8 ' 9 .Ci1 Jjj>il 

jla t(jjia J£jjj J,;k-'11 (aUaj (jjLia |J,TAS J _ja. CllLajVI slljjaij jia. Jj 
La (_jAj ‘500 qm 10 j^ UUjI jVI 4 _jAjj-<J! A-ixLuij j^jUI 4 -a)V\VI a \ 

ijjAi i 4 £- jViaq'I 4 _i^. jl jjjI! CluLixiax]! j! Clil ^uu-sll jLu! j-° jjj!L jj£! LL -Э ‘-^-J! j 

^jqVn c!j^£ ^ljL'i ^Uaj ^i .DNA S! j jijjjJ! JLq Ajjj^JI lIAjjj^J! ojLaiyi 

cJ^!) 1 ^ L1 Vi j!ja]I CjUjJ^JIj l_jj.ia]! jjj cJU VL\l (Jc-liUL ^^uuiLu! cJ^v*L (Jx-aUI 

(JJnJI ciiljVqM ^Jll \g jiuq'i 4 jL*\\ 4_ijujLujV! a_JVI tCliVUJ! (_уь .li-ix]! .(1.1.23 

iJu-iaU! ciAjIac. l“ ilxix'ujil (. L.\i\Vi .l^j <L-aLuJ! LbJjji ^^Jc. <Ja3\_a_xJI ^ j» j IJa j cAjaJL]! 
(l_j. 1.23 (J^juJ! \_a£ iAjljulc. Я -j jj^j\jj ^i jLu£3-q) Aj! jjuic. Лл -oLuia a^Lo ^jjj^J! 

lIj! jjuuljj (JLwlLuj! (_$ j^. .julLJ! AjjIajjLI! Lijj^J! djllij^J! ^^jjj/LLjxS 

ac-jIL lIiLujILu ((Agarose gel) jjjLl! jl Л 1 л! cJ^j^l ls-^) (Gels) Lui!)U 
Ljljjuic. 4 xtAVJI o^J ajjj£x<JI 4_m]l jl • <^jj j^J! c_£ jj^ \ l cJj-^U! ajxj ^LuiaD 
jl LguujLi cJ^J! о -0 ^ djLi\uui-<J! lIjLuiIL) L^j^J! jLuVI l!j\ A^jmj tlgLtjjaj 

j! 4 jVqJI jjjui^j Aijl^J! Л -ijjj^iJIj AjjLj]! luLj! jjJI aKLx> IJa ^ jLj . \_g_j ^AaJI 

. c j k >»* ! J^a j V<w*J L^nLo! 
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(i) AljiU Llllj fciLe (a_l) <U*jLajjL (^) 

jl$A (I) .,_jJuLa jjLLI j <_jJuLa_j j^J-ajl <jJJ ja- <_$ jJaJI J^^'l jjj 4jjLLa 1.23 JSjuJI 
AjjiLuj jj) j gjLa ^ (i_j) .Ajjjj^Jl AjS jaJI f- ij jaJI j JjLluJI (jjj dl£jA,VI JJaj c^ijUjjSja 
^ (^) .Ajj) jjjifr AjjjU ^jj AJsjuI jj 1$jLj& j uiLujaJI ^jujjj j jaj с^5ЦЛ Jla iAjjjU 

A UalLa j I Jja. jJJjuj ^yjj jaJ) jULai) Ajjj c AjjuLi jjU a j^l 

AjjjU^Ajjj^jj ^jjjuaj Ljlijajj Ajbjuajjl AjxjLojjUll A -ЛуЛП j2jj cjjlLalU 

jl AjjiU ^jjjaaaj jVl jS-uoil jj - l^-c‘i' 1 j ^^jj jaJI - (j jjaJI jUjLill ‘j Jj jj cjjlj^a 

uijjj . (^. 1 .23 cJ^UJI) 1000 nm j 10 nm jjj ^-jIjjj jUuU Ajjlhi AjjjU ujjL-ajlLi 

jjULUI lAjlau] V Aalia-o jjajUuak __cjujjl jjl jLoll IjA Aic. ^jLail jj£U 

A aljA a\I jjajLcjaajl аЛА jjcjLLjl jjcjj . ^juLo j jfUa]! jl (_^jULajj£Ui]! ^-jjujUI 

^jloll jj .(Electrokinetic pumping) ^jUja. JJ$U]I £-jLa]l Jl» Lijjja. AjjjjiA jaJAlLa 
I - ^cai cLIUa jl £-aj c UlLc-a 1 £jLj ojjxjja jUuU £jLa]l jjal J cjjlUjjaJI ■ jl 
. '~ 'I j с >c» II j-a jjJxll jjlLa jUL . jUuail I Lb Ajjjjajillj AjjJjjjil c " 1 ^ yv I Lalc. 
(500 nm (Lysosome) ^jjjjjLU с^лИ 1лл jju-a ULUkJI ^ Sjjj^il LjUj£UI (ji^j 
‘(50 ~ 200 nm) Ajjl j^VI LjjUuajjaJI j c(~500 nm) UjLjjSjjjjcll j c- 200) 
DNA (jja-aa-ll (jia. j (50пт) Ajuj jjLI Ljl U a JjjaJ I j c(30 ПШ) fjjjiU'j 

jc-lLill (Jjjj саЛ$£ AjjuUajjU A-aiajl ^ .(11 nm) (HistOlies) LjlUjicjjA J ja. jjjiLall 
lUL-. Ijjj LjlUjjaJlj ( ^jUUail jl^ -аЛ ^Jic-ljl ^Jajjll jl) AjjUUall Ajjjll jjj JjULall 
Ajs! jjJI A L i l' AjxjUJI AjjJI jl Ujj . LcJJc Ul c - Jj-l-JI j LLUjjjJ jjj J 'I jjall JcILJ! ^Jc 
Ajalj-al U-aji jaijj Ulii jU c( J jUj— ja. jjULal! jc-ILJI (JjUc. ^jc.) U, w ‘'i JJjiiJlj 
AjjjU ^jjj jl AjxjUajiU а JJJa-l A U . .1 jj Ajjj^JI LjlUaJjoiaJ! j! AjjjaJ! LjlUjjaJI aUb 


A-IjuLq jj\j aj\ >л~\ ^jc. ^LjaS сД-оЛаИлИ Ajjj^^JI <Li3l j-U! 4Л1Ла! 

. AJL^JI A_ixjLo^jljll ciiLOli U.L Ui, 0U U^ 3 ^ с<с-^Лл Ujliniaj ^ I^JLa*I1uiI ^j^aj 
J_ij| jjcjqxI! Jl j| j-U! ^^lc. 4 ~ч аЛч! j Lij^jfLiA ^Luola]! j A_ixjLiaj]l A_i*jLo jjU! n\\ 
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<KjaJlj <KjaJl 4 ^ 1 jaj ^jax-o* 1 AjIjxj j£-aJ 4 ij 1 **п*\ j-Q t 4 j-oLaL<Jl jjc. 

. A-nJI j-QjJa Д_ 1 J 


^ jlajjUJlj jjjSjA) (jjbU) j jJlj-A 2.23 

Fluids at the micro-and nanometer scale 

j-aikU) ^yuLA) JlijLj jjc- 1 . 2.23 

Low reynolds number fluidics 

jAl jla]l J-a^ Ljjil ^Jj^aJ L_fljjj (JjJall jjLJLq ^Uaj JJJ» j (_£ ja_l LoAic. 

l^il jUa ‘jj)lj]l j£] j t jjLaj jl jjLLJI j CIjI jjUall jj (J£i j^-aJ *L?C. jj 4_alia-A 4jjLjji]l 


(J^jjj jjLLLI AjxjLa jjL]I j AjxjLq j jSj -a II Ajjaj/I 


jjx-a £j 


,U1I 


. LaLj A д\**гч, 


jjij luti ) ^joiLuI (J£_uj (iiLj iLjajjxJI ljjjLVI jl Ajja^l AiLa. jc. LLj l < a\j~ 4 a 

^xjLa]] ^jllUl jjj-aUI ^Jj-aJ cLolc. 4ht.si\ . (JjjLLa]I £-q A ql"i 4 x> ‘ijjj^al <L-a]l CjIa jjiiil 
ojlaJxji j Jj 3 jl ~ч n-o“i ^aJajji]! jJjj]lj ( 4 _a.ji]lj ci] 15 >*WVI oj 3 jl jja. ^La^_j 

jA (Reynolds number) jUjjjj aac. c^jIjaII KnKj* . j j» , ^\ l gUjIUI oUjLUI 
jj <ajl_i]l j]K'KL/l ojL AjjlLo ^li]! jjj-nai] Ajjjoiji! a_iaaV! AAaj axj jjAj L>**ij-q 

LK c t nSj Aij .Ял. jjlJI 

^jILI! JJ^aUl ь ja LVp 


N c 


(Д_а. j jiii ) ciiK'Kyi Sj3 |j 


( 1 . 23 ) 


^Ас. tL оД p J p c4_L-a]l CjIa Дх. Jjoil! jA V c^xjLLI ^»Uaj]L A L-o jA (Jjla jA L l J'N 
^xjLq j j£ni jjlc. ^Ujj ^i jJjjjj aac. jIaLo ^jljL .(JjLoJ! L^.jjJj <iL£ c^Jljjll 
^LLJ! <c jjuj j t Uli AiL£i! j Д_а. j jii! j ^ 1 0 p m ^! ja. AjjL jjail aLxjV 1 j! jjal jjal ^x-q j 
c_jLxn! Ix<j ^Uaill jjjsu t^lc. (J£Lj .10’ 3 ~ 10" 5 (jjj ( 1 ~ 100 pm/s ^lja. 
^i j-oj t ~ 10 2 (> (JSl Nr LiAjc. (Jjia jjl jjjj aac. Ja-u jl) (Laminar flow) 
jjljjj j AAxi Aj^. AjjLj .(2.23 (J^lll) AjjjLll AjxjLaI! j AjjjSjaH AjxjLqJ! ^i ^JLaJl 

.(Molasses) (J^jaII J1a tLajjlll ^Jlc. xjLq Kj-qLja jA ^L 

- * 

aac. ^Uaj aJK. ^ (Navier Stokes) (_>К jIuj — jjj^L Уа1х-л J jjaj 
jAijjjj ^Uai ^Li! jjj-aUl A^. JLqA| jlL-oVL 4il jial jjbL t jlaia-Lc— jU jjjj 

IAjILII A_UaaJI j <JaJjuiUl <LIx_a]I ^JJ c jjaia-lxJl 
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r|V 2 v = VP 


(2.23) 


Cljlj С1з1 хл.УЛ оЛс. ^Э a]jLlaJ 1 оЛА (J^. (jj^. . Ах jA P 4 £jIa] 1 A^jjl Г| C 


.S«1jj 3 С1з1 jjAA SUlj Ь-Цз1 t, <ix*a n ^Л j ^\ajjj5Lia]1 AjxjLUL <L-a 



•‘•s yr 

- ► 

_... ,_..... 


, ^ 


, '"'s . 4 s 



'%•'■' '*■ 

\ ‘ * 

V - 


N r » t_ibjaijl N r « 1, 4-^U 11 ' 


jjj£j tLJai^La jiljLj jjc- <jj£j Ьзл1с . ^jLiLlaj Jlc- ^yuLa jiijLj jjc- 2.23 jLuill 
.(yortices) «LLaljJ jl uj! jbLal <jl tilUA ^JJ Vj ^LjS £^LU1 j jl-iaJl jJJ ^jill J^-liUl 

.^jjlill jjj-aUI ^j^. l_jLc. l) -0 £-hj IL^j ^U'O^ u 0 ^ УзУиа aJjI*-J 1 ^Vjl 
JajxjJallj VjjLj^^]! (Jji]l£) 4 jj>.jLJ (JjJ £a ЗУзЭ ^jLUI l_JjL^jj ^aJ j)Aj 
JjLJI A£j^J jti^C Ljajl jua^J A_i^.jLL] 1 oj^ll oLa jiAc. jjsj La-IiC-j 4 (^jfiUj jAi^JI 
AjILLo LjljlajJaVl j-Q AjIUJI AjxjLLI Ajjj]I oLA . jjj^c. jj C. JJ*1 jl jA UJ^ Ц 0 
"LL' (jjjlll jI^a^JI (_J1a 1^-*_л ^g-LaLtj]! j a_Li^J1 Ajjaaj] jj]1 Ajjj^JI ciAjj jOI A_uil jL 
gjuLc JajLk ^aJA-^L 3JjLa^ jj£j jJ ‘jj^l j-<» .(Chromosomal DNA) ^»>^»1 1 
Jj^.j V AjI Ljajl ^jxj l_j 1 jlaUal Ij^j ^-ic- jl .4 \g xuj Aj^jAj Aj*jL<J1 4 a A'i^l jA Ljj 

. jjql'A a jjxJU ^ j-«J jUujjVl ^LjjjujIj (jjLl AJj/ 

Lc. ^ j-«Jl l^. VLl 3 jjfL jl jLLjVI (jjjia jc. JlLjjl] jL^ с^э! jll ^ 

jl ( Analy te) 4 \\*ч a S jL«J ^^jj jLll jLJjjjV 1 j-c j ^Axj . jiaiLjA jL jjj j j лс. j i ^Uaj 

AijLJl ^ .(jLljjVl LLlj)\ 2 (AiLalA]l) £A L_JjujI_i1a <jl ^Ac. £jLUI jA £(jja] 

4 jjj-aUl ^J jia]l jjIj*^ а\ 1 l.la VLt3 jjLi lUjjui jl. JTnV 1 jl jUiViVl (JjJaJ Ajxjjjj]! 
Clulj jjia 4 (J\ja11 (JjJjui LS^ • UU^ (^AjiaJI (JjiIAaII ^^Э lla. 1 niaj jjfL <L 3 jja jja. ^Э 
(JLLI) 1 1 jl LiVlVl <iajuiljJ (JjIjjui] 4 j ^ViaII j ^Jjjuil j^]] LxjLajjLia LcUaj ^J^^Lcjj 

(Jjja. $.(_£ j^ (JjiIIaJ ju-aU Jaj U> ia 11 (J jl/jVlVl jUjjVl (JL«ixJjui 1 Ljajl Jjj Ui] .(3.23 

12 ’ 13 .<jxjLc jjlj/ JJ%A Ajjj ^i 
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Ц5^ | 



(j jhj (jAl] JjLU! jiij . А-лиЬа j SU^ JjLuj jLui ^Л^а1Л jj£jUI 3.23 Jiui! 

(jL aj . ^jjjjUUJI jjjUil! (jj> ^jjjjjIsV (jUjLuj (jjjUj л_д Ji.iU! ^ AjjjIs LjUjj^ ^ic 

^j-a Iai£ juaau . l_uI jaJI j J^AaI! Л -ufll ^ic AjjlxUI jajaLuall jjjxjj JjLuil jUj ^jUjxj ^iaUll 
jjLuujI £ ja jjjalj UILaj J^.lU! (wf) jLUll (jlajC jjjUaLj cAjjj£jaII SUill jjLulUI 
. (*U£jJ-aV! AjjU jjil! A,JX А~у1| j-4 jjU 11 £AJaI! j-4 J - уЬ ^ JJJUJ 


^LuJ AIjLj ^Ja— Jl Aivii jjjL 2 . 2.23 

The effect of surface charge and debye layer 

^ Wi A^xjLajjlil! j AjxjLajjfLi-JI 4_ijaV! A_iLxi! ^i^i! ^i! ^Jajuil Ajjoi Jjl 

i« Ч г 

|_лЛ1с 4_i^Jajuj Ull,Ki ^jlajai! ^Ja» .<jxjUJ! ASj^J! ^ic. A-i^Ja-uil CUljjjUI! 4_L<uA 
i-UU-ajS'l fij-ojl! ^^ic jjJj jj c.” ijiTi jS-aJ c^Uijj^S (Jji^ -л jjSj 

Jjjjjj ^ic. . Uj-ijjgS'' (pH) ^jjiJ^Sl ^fljll Я-<иЗ hii^ Ullij 'Lllljj jl Aj^Jajui! 
(- (JjjLLiuj j-^jj jLja.VI L__ic.l ^i ^ g j n j'L^jl! jl jj^jluil ,\.U^I ^jU ^iajuj i (JLi-J! 
iajjUi L_ic! ^gi c^j j-oj .bjjij 2 j-o ^gicl pH ilc. I^jUjjjjj ^ jj j£-*jj Si-OH) 

jjjj ti_JLuj A_l^ia-uj CiUauU ^^ic jjSjlu.il ,\)u,iSI j! ^-L^jl! ^Jajuj Jj'Wj pH 1! 
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а!Аз JuUj (Charge screening) Я K rj l. Alila J jUjiII 4-ia.jJI CjIjjj'VI 

j jjiSil j sli jljja j ('il yj° С1 * J ^ all oJc-U j j£j V t^Ljjj <aJa j-ojJa .(4.23 J^ ■'■Hj 
J ia 411 ailA <i\j£ I-JjjjI J^-Ajjaj t JjLajU — i£j*~ ^LjaJ Lii J . I jL—a (jjjl Jjj^fLil 
j^ jll ^_U- ^JaxJj . jljj j J jJa ^jjjI jjjuiJI l^Jjja ^—L. ^jiiaJj .^lajaiil j-Q ^.Ijjjl AjalaJI 

:JLlil 


14 


K 1 = 


3.04 

:л/м 


xlO' 10 (m) 


(3.23) 


Sjill «aLpjl .(Buffer) ^jL-al! J jU^I I ( z * z ) 'LjjV >« (/ M l 

. (jUp j^la (j-^sljjj 6 (^jj^v Л<а\1 ClAj jJ^I j|J C1u]jj^ 11 Д_и jjVI 

AuLa*j i M=10 4 J (z = l) (Univalent) jil£lll ^LJ cin]jj££ ^IL*. ^ 

£-<a j\,i-o\l (JjW^oU 4_Jai£i л jj£l jj Aic. .30 ПШ ^l j^. (jljLp (JjLa ^^lc. Uu\ 

l-l^J j£xJ . oLlill jlxjL <1 j\£a 1] Д_1Лз jj£l jl (_j\jJ^ Alja A£Lojail j^AJ iAjxjLojjlj Ajjsl 

(Jljj Vj ^ . AjxjLq jjlill sljall ^ (jjj^JI £(jj^J! j! ^jUI! a£j^ j-o Lc-jj ij 

. jaLoia L*‘ \ £-Ja J-° o jaLLJ! 


ф © ф © 


ЬаЬ aJjb^-ell AilaLnll 



ф ф ® © 




'LyJ 4jLlJa 


и>^1 


V s 


uL jjVI Jauljj AjJaU) jjl la. Ш цц (_jjaj -^LuJ J_jiaj 4JaJJI uaa 4.23 JSjJI 
jjUaJj 4uj->-\ д!| 4 laJil AlJa j jjiJij t^jiLUI JjW all J ( CoUllterioilS) Si J a J I 
.^y^jU. ^jjbj^S Jlaui jJU jjau i— ia-uu jl jjUaJJI » jLaj ,4UjaUa AaSUa 
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j jLjfUI 3.2.23 

Electroosmosis and streaming potential 

ЯллЬиьа AjL J JjIjjoJI a£j^. Jc. (Electroosmosis) JL)j$£ll ^r.>ilYi'l a^jxj 


£jL<J! 


jl (jj^. LS^J . (jLlp <llla Clil W x'ji lc-ji-l* cj^lia-o ^jLjg^ (JLa-o jjjL 

^Э SjC-Lil! оЛД jli c4jsLx-a A ‘гч L а! (jjjJ ^Нхгу II 

оШ1 jl Aj^LoiaII AjjJI jlj-ia. (j-o jilL jL^jj (Electroneutrality) AjjLj^£ 1! 
cillil c A£jVL (jLip <аДа jVL Ajja-a-all UjI W jV 


j! ^lj I J^aj J ctiiL .4jjjS).all 

Д -JLa! A_iaJa-ui Cl)l Kui Я11иа. ^^Э C JHL! (JjIjuj • (^L j^£ cJW-° (jjjLilj 1 g «ЭЛ (j^-^J 

jjLj^ AiiL (JkL ^LLJ! jjli c(Si0 2 j! Aj^L^jJI AjxjLq j jS j л II <jjaV! Я11_а. La£^ 
£jUl! .2 J-aC* (J-ol-^ 1 д jjc. j^-<aJj c ^^jL j£^l! (JLauL! c" ) Vl Jjjl^l! ^lj ^i-lijui 


joa ^jLaU L_flL-a (J3J ^j (Jjjj Lo-o t4ja.jli! AjLLU! (JjoliJ! 4 ~4jVi <ijai! аЛЛ ^QajojljJ 
^LLaI! jj^j L*.iic. JjaJ! (jjA^l! jA (Streaming potential) (_ 5 ii.ii! uj^I •SLSll JjLk 

£-jLa 1! 1*ч >aj .^Lj^Jl ^u-jaLiill (Jjo^Lx-a jAj iAjxLoi-Q SjLg j! Ь Li JJC. jijjl! ^^lc. 

Jji jJ ^Jjg-uiJ (j£-aJ • (jj-e^ll (jjS ^ij (_£.ijj LLq C 1 £ -aSI JJ j A^jVLII <iLaJ! Ujl_ia_ui 
cAjjjL jjLj j! AjxjLa jjLj ftLi Jc. ^Lj^ UJ-^ (jjfLdJ ^^-auJalij ^jLj^£ (J^jj 

jli iUiii £_о .6 j^_^,VI оЛА ^Э (j3jj «liijJ AjI! Ajix-saj ^x-uilj (jLLaj ^Jc. (J-<i*JjubQ jA j 
^g-Liil jjC. (Jj! jjufciil jLia-V (JjjjUai! ^gJLti! JaiuJaiL Jj.W,^ ^jVlll (jj^Sll ^1лУнл! 

. ^LulL! aj jjLi! 

J_^.jjJj C(j)L^ll ^Lj^lll Jl>jL ^jLj^II ^uJaLil! jajj Ac.j^ jL"n 

д 

^uJaLjl! (j3J j <C.Jjuj ^g-Laxj .^JajuiJ! 4W Jj <iL£ j)ja ^cilil! ^JajuiJ! (jj-o£j t^jLoJ! 

£¥ S E 


v = — 


n 


(4.23) 


(j-<a .^Ljjj ^JajuJ! (jj-a^ jA i|f s j c4_^.jjll! jA т| c^Lj^lll JjxJ! duL ja s <■" 
(j^jjl! (jli с!лд l_jjjuj j .sLSll (J^ j! jjjISaj (jl»,"n V jijjll <c.jjui jl t^LajAjLS jL-L! 
AjxjLq jjlil! 4_пэ^! jjc. ^xjLq jijj ci±a-l a '^лл 11 'jjj^ji! AjIVI jA ^Lj^I! ^ -ч i>»Ljil 
"^gOuJ^A (j3J j" 1а)а*чл) ^Lj^l! ^uJaLiJ! jijj jL-ftJ cUllj ^j AiluJaVL .Ij^. <ii3jl! 

^э1^л £_1аЭ liL.a -iaxjJaJL ^jiuL! (j3Jjil (jj5L jja. (^Э i jS jll (J jjjui-a (Plug flow) 
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c"'~hui V Jjj^JI {j jjjaull JiJtnjII Jliaij .(Poiseuille <_ SjjIjj) 

(5.23 ■" II j ((_£jjl^jJ jl) Jaxjjallj JjJrk. * 



jjj-ail jli iLi jj^ .(jjbj^iJ! jjlt (jajJI JjIa« JaxjjaiL £_$алЛ (jini! 5.23 JiuJ 

jjluui jjjli (jJjjj! Ixi jj]jj j ja. 4 = 0 Jjc- .(Caged dye) jjjjIa!! ^l ys\W cjUjlijj 

(j ji. .JjjjjJ l j j*aj Lu . jjjuLa!! р : иил!) jjuSj uLuajjj (jjajjxjj! 4lajj | jj 4jjj£ja!I aljij! t .^s 
j! ((jjLjjj) JjaxJI) jaLjajL p jSJjijl jijjjlj Jjjjj! ^IUI ,j2Jj 4Ja*j | jj ■ L*^V ajft Jlj 

Р.Н. Paul, (jc i_a jjdL) . (jSJjj) ! j^Iaj ‘(^'jjjII JjjuL!) (jJLj^ijl ^JaUiil ,jijj 

M.G. Garguilo, and D.J. Rakestraw, Analytical Chemistry, vol. 70 (1998), p. 

. (Aj£jjaV! Jj'Ij-j<« AuxAiJ! jji jiL 2459. 


L.n\! jjjji£]! (jjLi] 4 ]aJjjJ aJjjj j Ljajl jA ^_iL j^LJl j . >.1 Y'ill (j^Jj (jjLlB (jl 
( Aj1a*JI 4_1JuL]1 j-o ^_л IL& . 4 _ixjLa jiLiil j AjxLiLqj jSj-all ^^Jaj-oil Via Jli 4iL£ jlj 

jjxjj jl LjjfLi-o 4 я u-ojqII ^ jlajaJlj AjjjSjaII A_il3!>Li 4-iaJajaiil A W Jill 4iL^i j£aij 4iV 
JjS-Ii jl ^JajuJl Via Jli Ailj£ L_flJj^ajJ jjl .4iLi3.lil 4аЛл_«Л c_Sjjjaj Jjjljlaii IxJJ !jj!i£ 

jjLuJol (JjjjjJa c ^^xjLg jiLl! jl j jfLi-Jl MEMS — !! ^ t^JLj^lll ^UaLiill 
<jj jSjjII 4_iiaVI ^ ^Lj^ll! ^jJallill J^i.liJ j£aj . jlj^jll "LjLj Aijjjj 0jtii 

c(pH) Ua jx>*4 11 4u^.jJ j c^Jajaii! Ajjjaia. 3L ja.1 (Jj! jxj Ljajl JjLj jl <Jjiliil j 

jj^jjil jLjjl jiaia-Luj сД_л1_С. <L-aJ . ^(jLj.1 4 'L)a A^Luuj^ (JjLmii Д -lijjVl 6 J^il J 

<L£Luuj j-o j-aLj L_fljja! AS^ t^-jLj^lll ^uJaLiiil (jSJj Lc-Jjuj Д -lijjV! 6 jiil jl (JjL-ail 

.^LLj^lll ^uJaLiiil jC. LijjjuiAil 4-^ j V iaII L_laLi-il UjLia-uj J.1C.J C^jLjJ <ajja 
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^Lj^! j^jj aLai! e-lxJ! !.la. 4 _j l_j jC.^)a]! jA t Clillniajll ^js-ix ) 

4 Injttij (jjl^Ja 1 g '\At.s-i j)A t(JjLuj j]l qa J.jc. jj^Ja jc. d lljj ^Lil! j^AJ .ojJJxj j! 
^JaauJI g.bl )aS IjjJaj ji£! (jjl^Iaj 6(_£^L-a]l jj£jj ojLj j! pH ]! (jjajiali^ 

j£-<ia]! j)A 4 <JjujLia <ibLLa A^Jjla (J!>Lk j)A ^^jaIjj j]l $. jUa]! (jjl^Jai j! t Clil jjajI jJJ 

4iLjaL/b .^bj^l! ^uJaLjl! j3.Ij ь LWl L_lla ^aJ (j-Qj t^Ua-uJ! A Kl 4_н1аа JJJ* j jia, 

^gic. ^jIjj^ jja£ (jjjlallJ ^JajuJI jja£ JJJ3U j£-o-<J! 6<i!>L]a]! ClAjlijJ ^Jj 

^.oLiill ^Jajjj 

<jjL*aJ)j UjHjCj! tAajaaJ) CujjaJ) ^LjiJ) 4 . 2.23 

Biomolecule sieving, ogston and reptation models 

j i j (Jjlaj I ^ \\ ^ J \ ba.j]jj£j] A : \ v *w \ l Li^j]jjj]| ^Э cjjj^ 4 ■%.! ~n. cJIjA 
^jliaJI L_al\jj ;JL1 a]! Jjfuj ^^^Jc. . 4 зКа jjC. ©jjx-ajj Ai^jj 4 c.^juij 4jjjaJI djUjJaJI 

JjajjI!) dj! cjj jjK jjjl! j-o (Basepairs) AjjuiLui! ^ljj! jy* djljbL 3 Jlj^- j* lSj*^ 
^j£ aAl (_£jIW .Aiiia-A (Gene) Я1 jja 30000 Lijj£i (_£jla^j 6 ((C, T, G, A) <_jLjfJ! 
.CjISjV! (j-° di j (j! ^^Э Ajc. jft-o с <a\"A a jjjjjj 10000 J! j^. ^^Jc. Aj^Ljaj 4jjjuj 

.4_ia. j] jjj]| 4 aA'iVI JJjLfl! A-iiilaj]! djl_j.Wj\l ^LijN! йСА ^uJa jj 

lAj^Ua (j^AJ j! uCjI Kui ojlc. ^^jLa (Jjia-A ^^Э AjjfaJI djUjjaJ! (JaW 

.(Sodium dodecyl sulfate - SDS) ^jjCj^! (JjjuujjC djliLuj Jja <j jauiiA CjIjj jaj 

(j-o ^cjjj c_jjjui <jli t (JjK aII ^^Э 1^э!^)аС1 <if]aA]l JjjL^KI! (Jj'wll C)Vuti) LaIijj 
<aiia_A L_al^)ajl djlc._jjuj ^Lula]! AjjiLi]! ^^-LjJ! ^.a j! l^Jja. j)A ^jLa]! ^.a JcLjaI! Lfic-lij 
jij^)*_A^ ^LLj^ (JLa-o (jA-da oJa <j j*\ LaII cCjLj jaJ! JK^)a. j! .<aiia-A]! CIjLj jaJ] 
^gJc. I^-a LVhJ ^! Ijlaj Sjj^ Я_ 1 ад! dJL ^ ((Electrophoresis) AjjLj^I! oja^JL 
djLa-uJ! IajaC. jj£j cA_if.j] JJ jja]! L_fl jjla]! (JJa ^^Э . ^JjjaJ! (JjlalJ! ^Э £au!j (jLaj 
c." )1 w L djli djL jjl^ (Couterions) ocL^aI! djL jj^ I <Ja_uil jj 4ja^. a djLj jaJ! ^^Jc. 
’j сЬСал]! djL jjV 1 t-J j Wu*i ^Lj^ (JLa^o (jL ^ . (^LJ! J jlau<J! ^i (4 jui£1_xa 

4jL jj! j $.(_£ jaJ! jjj ^cjLI! ci]lSj^L/l J.Wj L_Sjjuj j t jfuKLCiA jjALai! ^ CljLjjaJI j 
4jjjaj] jj djLjja. JJLa. ^ tjljA]! (J-Hja ^^Jc. .£<_£ jaJ! (Mobility) 4_Kja. oUuJaAl! 
(jjaxj^ (JjJa]l jc. 4 ViuxiA 4_KjaJI uAi (DNA C(JIja]! (Jjiui ^Jc.j ; ^ Aj'L <jjauuLA 
CjU jjVIj Ci\, K ,. a) l j.}c. jV 19 ((Free-draining) "^pJ — cJjjj^iil" (jlra-SH 
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j-a A-olc. Ail 1лД . j^Jl (J ^Ja £-<a jL^LiLo Ia^ jK $.ц£ j^ll ^^Jc. 6 jLja-oll 

(Free (J jl^-o ^Э ^Ualijlj Д -jj^b Ла11 Aj^jj-qj]^]! *LjJ)J*vll CjIjj jaJI (Jj-saS С_1лл-л11 

dili jx-q ^с. AjjLj^£J1 Sj^JI j* 'ij V jaj j-o j .Ajjbj^ll oj^Jl JLa*Jjoib solution) 
jjjlc-VI jl Polyacrylamide . 11 Л Jjj^I ^jj) fLuo-Jl (jjjU S jajUI iill£ 

. JLti J^jJj CjUjjjJI оЛА Jj^ail ((Agarose) 


^jljjJjtJI ^ jjjll J^3 j-o CjUjjjJ j^Li c_Lx-£3j] L^.Jj-aj jjJj-uc.jl ^ jia! 
jj£jj aJ' V A ^LuixJ! jjjILq jjj ^л jaU! !лд ^ .(6.23 J^-uJ!) ^Л^Л c_fll_JV 
j£-aj cin^j) r (j-o ^>j£1 ^LJ! ‘-^jLqLola j j£j j! JLqj^. 1 jli t l-jLul^JI I л^1 Lai j . ^2-LgJ! 

I i oLLax-o (r JLt3 jla3 L L-o'i £-0 j^. ц^1 jaj jl 


P(r) ~ exp 


f т 4к J 

- 2rcCLr 2 Cr 3 

( 3 J 


(5.23) 


cAia! Jjj^l Jj (JlA A_nj . L j\ll Jjia Lj C ^gjLlill ^(jj^Jl ji£jj C Сп*ч 

J-oLt-UI ^^э (_5-jLJ! л^Л jli ^j (j-oj c(^LuiaL jaU! jjjLill) r j* jj^L jj^I L jj^ 

^I-L^]! dlLoLui-Q JJC. r jU^ ^ Qx-Vl (ji ^(jj^. JJJ-o JIa'WI jli 1^_JJ . (Ja^-q ^uoiL/l 
. ^2-L^J! j^Jl Aj^j^ LnjjLii-o jj£jjuij ca^lc.1 Ул1л-(Л ^э La£ ^ Л>» a 


/ 

log 

V 


|Дг) Л 

y 


= -CK R 


(6.23) 


& f f f 

^jLgJ jLtjl! JjsUjs K R j i(l' = 0 iiJ!) JJjjill JJjtj (_jl l. l! \я 1 AjSjaJl j^A Цд Cjia. 

.Ujjj^j Cjjj! i3j tK R ~ r (jjjjuC-jl ^jj-ij ^ljj .jjxji 



k ,i i_aLi!5U Luljj-c lcjjj AJiL-aj ^bl^J! AaAaj jja. .jjjj-cjt ALjP ^Jjju 6.23 jLuU! 

.f L-ail! 
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c£ja]1 (3-°J а*ч kst djUjj^. AjjjU! CliLjjUI j)A t A <ЬдШ ^^Э 

; f 

С(_]-аЬи . 4 '\ \я a DNA jl Aj mjjj CliUjjU Г jlUl c. <1*^* i AjIc. jjfu (jl j^-u Ьй 

1 g‘iq,k«o) (RNA jl) (Jj.Wa 4 JaJ^JI 0-ll^.j DNA II (j-0 0 JJj.-^]! CLUj ja_ll C^alc. (J^uudJ 

\,^ ‘Л ххЛ xj.i ^^Э 4jjLj£^] 1 Clil W Л'Л (jV C(_g_^j] Jjj^ (JjUa ^^Э Пх^чЭ J^jlij (^^Jc* Cj U j j^, 

jA Jliill jlUl c. L.-Vi jjfu (jl <- , idjVLa-ll oJa Jj-q ^^Э .oJjAaa 1 g \» Vi 4 ju-ujjj]1 

(Persistent length ^U! 4-1 jia jA Jjla!) Jjla! DNA d-iLjja. ЯЛ^. .$.(jjUl JjL 
j jAa>J! J jlal! (j-Q j»,x^4 1 ^.(j j^ Ji Jbtill jlUl c. L.^V jjfL c4jjj£ jjjjjj diUj j^. j! 

Jaj-u jJ-a jjfL Lo^JC. -li^. J^ dn (JaxJ 4_Ljx 1] (jjJj-uC.j! ij-d (j! U-Sjjxa]! (j-o . £(J jUi 

.4_i* ^)j£! j! ^jUl (jjlixJlj AjjlLJl jUli djLoL^J! (julLo 


dUiil cLul jl) ^LuixJ! cLul (j-o jj'N j jj£1 (jLjUl (j*ilLJ! jjLj LoAic. 

(_a j^ ajxjLo jjUl! A_d3j/I j! ^LolaI! AjjjU! (_£-U! (Jl!j ujIjj jU! UjLai jli t(A_isuLo jjU! 
jxua! AjjjajIjjI! yjj jiajC. Aj 3 (jjLi (JjjJa jjajIjj jA <1jaVI .lU . Lj.1^. jjx'n 
^Э . ^Luia]! (JjILo (j-o jjj^j Jj£! UUUJ C j1aa] 1 J jJa]! (j! jj^. (_^-Э ^Luia]! (JjjILo (jA 
(j-o jj'N) jiu-a! UjLaLuiaJ ^LoiaJ! AjjjU ojLo (J!>IL. (jA jLa (JjJaj]jJ <i(J j^. Я]и 

* l $ j^. t. — s ju-ajj 21,22 .(Reptation Model) "ydUxj ^Ujaj' ‘ 4-11 jial 

(JLc. j! (^Э Uj^JJ (jUu£ C^jl^J! (JlA cdjLixi! jA AaLIa JJC. U_Sj^_1a (JjjJa (JjJAjijJ 

c(^4^1 c__fll_J!j djLix]! c j^.jj o. \^а jjaj] jj]] ajjulLj]! ДЛиЛиЛ j! Lu .(7.23 (J^jCJI) 

i jLul! jjAj]] Иэ j .l^Jaj^A fiLjl (^i Jai^ Uj^jj (j! jjaj! jjI! ciAjj jU 1д jjc. j^u 

i ^Jj La£ jLdijV ! cIijIj j & U jluiV ! (j-° j (_g Laxj 


N 

kj' 


D' 


кдТ 

N 2 


(7.23) 


^LkjLujV! (j-°j] ЯэЛх]! .(JjjaJ jj]| ^.(j jU! (J jla (Jjaj A^ija n c n^. 

jA j jjLl DNA 1 jj^.u*i сА_1аЛ_^]| Aij^j-uaAil Jj^,j 4 ~n n i .N j jUujV! kljjljj 

. jlJiViVI (^э Uaj! ^(j jU! jj^j-ujj iLLaj! ^.Ujlui! 

S j^-gJI Aj^U^ u e *D = UgkT/ze) jjLldj j l Aijlc. jA j a jlc.! 4 >jVi\l jA 
j uJ , VVi u_fljju j (Electrophoretic mobility) AjjLj^! d j^J! Aj^jjx u4 (Ap4u£^' 
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Aijljj^^il o j^gil DNA (Jj-saS ^j£-aJ (j-oj 6 N Ij^i^C. 

Я -jjl \ яа \\ j^il <JjoJ ^lill DNA Cjllaj^. ajjLejj jli£_jj jjj-a - ^' -4 . А_1 аЛ^Л 


25 


.(7.23 J<; *j\l j Ajjjlill Я -jJg ул\\ Ajjiij ciLLullA (JJJAj]jJ (JjW A 


^JA^J 


Алл!Ад LJUli 



]l aLajl 


( 5 ) 



AAulLJ JaJaij ^ui j (i) ^jL <^2 (DNA) JjjI jjaJjJ JLxJl J ijaJI 7.23 JUI 
jji DNA) jxuljJ! ia££ (jiu 1^5ЦЛ i_iljL 4JajjUI uili jxJI AaJj . jUjVI AJlu AJUxj 

DNA II AijJ ^jjjjaj ^ Jaj) (i_i) .Aju jjjll AjIlmIui Jai JjL ^Jc JIjxjj ji (4JUI s Л4 

iUI AJjjjVI Ajx aaJt jj jjU 25 j^jJI jj) ,4jjUijj jjj £ jj jj2 jj AjjUxjII 4UjaJl£ 

.( ? jixii 

— I t(Conformation) (^ljjjll i_j£Uull) JSLjUll jl ^LxjII ^ Jj-UJI jjajiii 
._1ид I Ub j t^jljUc. J^lj J I 'U i >> ^ jj^j LaUic ^l jUc. i. iLU jA DNA 
LjJajj lcujaU (AjJ Uxi . j.VU j JLaji UjCj I Jjjjj sjijj аЗ DNA U ll j j ja. AILa. ^2 1аД2 

t-jl jcjYI Jcjjjj jlj ^jjxj V 4-ijLxjll Aj£jj\ \jII jli tjlc ^jiU j^U JLa_o AJLa. 4j| 
(^2 t4jjjj)l jjll UjLISI. J jjll Uxj V Lojjc -6 ’“ 8 . jj-la. jj (^JljaJI (J jjall jc jJiiuj ^luaJ 

II jjUj jjL ^са. jj* I ^Uc i a U i . .. c^Jljjjc i iLJ ulli tjjlc ^JLjjL (JLa-. JL 

a J>g 'I (Jjiall jc 4 Vq'uuj DNA II 4_i£ja. IJa Jx-a_iu . JLajJI sLajl DNA 

DNA II (Jua2 LJLa. jjjj Ulii! .JJjjja DNA UjLj jaJ 4_^l_ajj t4jjJ\_^JI JjjLj^Lll 

L_fllLj jlj^j (_£j^J C' n^k C^uJaJJ (JL^-AJ AJA^L^II AjjLj$£] 1 OJNg 11 4 А.Л jJ (Jjjlall 
. ciaLjj^]! a_iKLoij jjjLill А-АалЛ (J^yLk ^Lj^lll (JL^-L1 (Jjjuuii j 
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jlil AjJjU ^Lu iA U] JAJJ Д 4 V^ ljUj> 5 . 2.23 


Macromolecules Moving Through Nanopores or Nanofluidic 
Channels 

Lal , W'uJ j£V! (_^A (^Luja]! Я -ijjU Сп1_1аЬ1л^ AjjIjjUlII L-fiU] 4 ^! A*\ U\j j! jna. 

1 Д vLu ^LulaII AjjjLill AjjULJlII jIjUI ^ЗЛха jU t^jnjai! jj'UI cJ*-^!! 

(JjLLUU <jjIaa 1] jLiU ^Lula]! (_juLLa jjj^J .AjjLujL Ajjlai ^Э <aj5jjola <Jji\j CjLaLula Ja 

j^AJ • 1*8.23 JLill ^-Э Ja^jLo jA La£ t^jnjai! jiaU! (j- 0 J^! Lulajl 4_j£]j i^jnjai! 

.AjjoiC-V! ^Э (^^jjjai! ^-luiji]! L-ajl I-1 La Lijiaj U.jjAi jjfLl u' 1*^-^ ^-aLula ^aUaj] 
cUnjaj .оАф£ 4uUai! -Luiljj Li^jAi (Jaj] <ili tAjjAUa]! AllLaLuJ Ja ^C-j]l (_gic 
iaJj j^AJ с“ n-s. ) c!.lia. o j.W a <JJJ (_£l (^aLuia ^ijAj Lc-Ljj-a (J^-ui! Ja jfLi ^ Aili 
La Ij]Ic. .AjjljAUa CjUajuj ja jjjJa j)C. iaL AjjJaj]! A /yWil ^ AjJjjaU! UjLiLn]! 
^Jajuil j)A L-JjLLj iijLuj Д-а\ Уча Ujlijia Jja.j A yj n A y Wil jl Я -ijiaj]! UjLujIjU! l" 1 ЛЧ» j 
cjjxjua UjIaLula ^Э Ajjjjail i^jai! ^Э jjj] j! j^AJ (jUlj 4((_£LnA ^lUa (Jja^ 

. jjLLUI Aj jja jili 

CljLi! J^c. L_fl! ja-iV! j! Ajjj jai! i£j^i! ja cjuu jl UjLaLula j ja. j] j^Aj 
j! jly Ajyj 4 ~4j'n )j,Ka ^Ua]! ^! jil! jl ^ij UjIjj jai! Яэ1с.| Aj*j c<iaLuiJj . Яс jjjA 
(Steric hindrance) 4 jc.I_^JI aIIc-VI si* jjjIj Loiljj ljjs. J3j .CiLoLuiAil 
^aLabe JJC- r jLs i а.С (jj M ll» jl Lh 'L' I 1л1л-о LujjSj L-lxja. (_^И jijlj 

:a jJai i Luj ^ jjlj 


d 7 


f оЛ 2 

1-i 


V 


г; 


1-2.104 




+ 2 




vr; 


-0.95 


/ л 5 
' a ' 




vr; 


(8.23) 


L5^1 cJ ! <J-*LJI cjLn . j^. ^ пла ^э Aj! La *j jLU jLunjV ! cJ-°LtA jA Dq & Ua 

a >j'Vil ь‘ла> jA jiajll ^ ja. .^LoiaJ! ja ^cilll! ^clji]! jjLU! jcLi ^Ла jl 4-g-^i! 
jjLil! L-jLuLai! Ljaj! (J ja. .(l-J. 8.23 (J^uil^ jUjjjj uln (Jj 9 j)A Ujjjaj 
(jl ^-uea! j]l j)A cAjjaj]! оЛД jA j^.1 AjjuiAiA (Jl£ui! aJU ^Э Anc.! ji]l AilcllU 

j] Ajjj jai! a£jjU! ji jj (jl L)£aj Япэ1£а 4_ijjU j! (_£ jj\j ^Laa 4nn A ja. j 

.^.(_^ jai] ^LlU! (jALJ! jA j£l ^LaaI! (JjjUa (jl£ 
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м 


<5 



a/r 

^uij (i) .AjjjU jjLsluu> jjuja AjjjS UiUjjai AjfrljUI Ail&VI jjjU 8.23 J£jUI 
Aajjj IJjJAjs a jjaS t ° fjjai ;»'Ujj| ^LulJI jjj. jj£j .Ajfrljijl AJl&VI jjjU ^uiajj 
(AilcVI) AjjxJI Ajjlijjl Luili JAj . jjjjjij Ljjjj AjjjjauJI AajjJJI (lj ) .Au&ljiJI AilcVI jjjU 
A&jJjj ujLuilLa ljIj AjjJU UiLnLuba jjC- (2 ПГП J! 0 . 2 ) AC jjjj UiLuilL» Ui|j UiUjjaJ 
j»Luu>jl jjC (jUuj jLulu^I JuU-a AjJjjxJI AjjlJaVl Jlu .(60 ПГП J! 10 1 Ш 1 jj’j ^Luudj 
jjj Ajuijjl AjiaSfl A-ulJ^VI JlU Jjja aj| t jaJI jLulu^! Ui 5 L»U-a J C La Juiiu j jjUjl 
ju) . jLilj uiLuia wUuUI JaiJ! JiLaj . (-) ^juiLuiaJI jjaill ‘ iuajj ^yjjjaJI jJaijl i 

Beck and j» (jJUUI ^ui jj| UiULu . ( j»ji*JI ^jijj AULjuSn Aua-aaJI jj! jju 32 JJa Jjjl 
■Schultz (Biochimica et Biophysica Acta, vol. 255 (1972), pp. 273-303) 


Igiija. A-a.jJ ‘ . AjjjjiJ jJI CllllijaJI Aila. I Jjixj jjSI AiLuuill ^iuai 

Jj I jlaj jj-iajjJ! I JA jja A3j£-ajl AjjJajll jLa&VI JuJ jja J3 j . ( j£l. : .Vjl) A-llkljjl 

4jjjaj]jj Cjljjj^. 4 _uj! j.j LjJsij J^. .£-uj! j JjUaj Jc. AIIiaAI 

jjC. AjjaajI jj Cjllij^. a£j^. ,jc. c^2D j 1D oAiLq Ajjj ^ ^LifLi-aljjJ j 

^JjjjjL/l j -ч^кИ Д -ujIjJ CIjj^ cojJ^V! AjjV! . ^Jjj^. (JjjLLa С1з! j Ojjiu-a CIjLaLuiuQ 

AiiUI A_Jalll A uilaJ I ji j» »c. J1 J&j 38 .UjI jjaJjjU aJI&VIj (Entropic trapping) 

^ 4-Jj» x^i'I ^Д! Lilj^. !>Ьа J jxJ .AJJJJ^J CIjLljj! jJ Ял -JaJ ^.Jj tlA jJjiaJ j^. 

аДзаЦ^ j! jjj .(J^LuIaI! oLa aLujIjJ a аАпа 4_ixjLAjjlj 4_nj ^LijJ 

"^^oj^Lojj jIa jAxiiuj! .jIxjVI ^Lj ^ljs 1д j»^i^k ^j^ LaaIc. cii! jjajIjjII oLLxia 

j^jjV! jjj^ .AJjjJa DNA ciAjjj^. jj-aal ^jjjjjN! j>^ll 

.AjjaajIjj CjIjj j^J Ih^l! jjc. j AKaI! ^! jil! ^ j^j ^jc. Jjjla Jf ^ ^ ^JjjjjVl 
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Aj3uIa]| jjUj j»LuuUl S *_U—aj 3.23 

Fabrication of nanoporous and nanofluidic devices 

^LuuUi Aj^jjlj AjjI^jUjUI jI jjUI 1.3.23 

random nanoporous materials 

ьА. C. JSI ji*A 4 Jx«oll U j-UI Aj-ujj AjjjC. ajLo jA (Gel) ^JI^jI 

4jjjj^-ll 4_Ljxll jia ljC.V o^ji-Q A_Jlc. 4_1лЬи1Л (jl .4jL-a CjLjJ^-a ~20% 

> # 

Jx^iill ^jlgJI (>л ac.jI1j gj jjl ^ujI j J£UL JaxLjjj .(Molecular sieving) 

>л AjjIjajjC. a£j_uj CIjLuq^L^JI JJJ^IVI c^jjVII jJjj-ajll jJJJ . ^^jj j^JI (J jJiJI 

А_1л1_и1л diLujl-Lo с1з1 j 4 _и21 CjLaLuiaII >л ^j^x!! ^xa c LnlL-aj <Lajl jLa!I lIjI jaaj! jj!I 

4_LLiaj£ djaL A-Aaxj (JjJAjjjA (Jjl"\ a j-o labLlajl LfcjJjJa^j ojlc. Jj^J 44,4 ~L Дх. jjjA 

Jjj^I jj ^ajlgJI SjIc. (JaxIujj .( jj^uuilllj A_jjLjja jl (initiator s-^-jL ^bVuLj 

д ^э ^LuiaII jIxjI jj^u (jl . clLjj j jJI jl aJ.i^JI (j^U.1 DNA J^ -аЭ aiaI 

(JjILa Jajuj jJaJ ^Уз'1 j^aJ . I g L -оЭ j JJ ^jlll CjLj j^JI AxjjLj ^jjLL I JJJ^ aLxIa (jj*-Q 

J Jjll ^yLk ^aLuiA CLLuAJLq jj£j jl £3jJJ .(JjJ-o jj jaII jjl*4 aII jj^jj JJJXJJ ^LuiaII 

DNA CjLLj*. ji-oql Jj'^a'I jj^ji i j**i^ t^lLj 1~3 nm ^lj^. л±а\ JjjSI 

(100 nm jj^JI cIjIaLuiaII с1з!3 jjjlc.1 djL-<jlA jl-Axlujl o^lc. jj^j t AKwll jj j-o 

.- 300 nm) 

I3Aj tl-§-j ^L^jll jl CjLa^I^JI ^Luia <jjj u Li-o jJ J 3» i-o 'I ja ;Д_а1с. qjj,-oi 

oj-Ljj Lc.1 j3 ^Уз'1 jLaj ctilL ^xa .4-iJjj^-ll Д -Ljxll CljLjjIaj ^ ^J^- J-al 

^_a jLb La'i jjAjJajl a \ \ >. ,i j I Зд j3 jj . $. jjJall AuiLui^, (Initiator) 4 jUj CjLj j^. JIaxjauL 
^Э £jIa!I (JSJjj «АУз" Aa'iaII ^LUI ^yl^JI ^al Л VLul J jj Uil . (_£jj5La 1I ^aUalll (J^L 

c 5 ",^ ^ 4 ^. (jjjjjjll j DNA II Jj^aU ^jjj^. (JL jC. AjIjaj lU13£j 46 AjxjIajj%o 4_пэ1 

tajl^Jl (Jjl^A CjL jSa J;li*3 (jjjla (jc. t^jLUl AjjIjaN'I j-aj' i-o^'l Jj^xj jLaJ 

Aj^a'I Uxu) jll <ua jaj. aLj 4 "'A A CjLuilui^j (Actuator) (Jxjuia <iLuljV 

49 

.(Environmental pH) 

Я -ijjL ^Luia С1з13 Uja ^xjjj-ajl Sjjj^ CIiLILaI Igj ^АУза'1 oj-UjII AjIaC. 

JLjjNI AjIaXJ AjLxJ ^Уз" J^jL^. (jA . Ди)Л j A AjjL jj3 J Ijj'ja j (J-aj' ,-о~ч ^LA 4 jjI JJUlC- 
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A_ij| jLjc. ^ЬлаЗ! AjjjL £л1а ^-Ljj j3-^VL ^SjaIjJI J!^Lj (Sol-gel) ^Яд - jlx-o 
^SVi'l j£-<u сал^£ UjLiIac. > .(9.23 JS;;,11) <Ljc.ja AjjLjjaj AjjLajS j^ajl 
> cVijjx-o AjjLajS o j-g j Uj! i Uj! jij jjj-o jLnjkL AjjjLI! AjjjII AjjLlqj^I! j^ajL^^'L 
*1 50 - 52 . e LjJl jjLLa ^\jb~ jixA (Jj\^k a\ jjkl L_fljjla £a pH 31 ЛЛлп jj^. 

л 

J-k-aill UiLLc. > j! jaII <Lj*-S AjjjaJjJI (Monoliths) LjLjI jj j-Ll ал& UjIaxIujI 

AjjoiC- 1 (JLoxJjuj! Ljajl J.W a\\ ja t J jkl CnLjjlaJ ^Jj ^JjuiiJL 55,54 .<C. jVLll jj^ll 
йЛ^! 5-,55 .^jjjj jLoia Uj! j »n jjl jLj 4 я Uj^jj LjUu ajijj-oj ^LuiaJI AjjjL ^Jjujjj 
. ~ 1 5 % jUa ^LuiaII jjjILaj ^S^yMI 1 j l ) u*i 1 4 ^J-Vi \л A_nl jLu.il (J\,S xj.il ^LuiaII 

Uujjg-Jlj 4_а1аЛд]' AuxjLajjLIil S J^aVI 2.3.23 
Regular, engineered nanofluidic devices 

AjauLa jjliiyAuuLaj jSoJI a j^uVI 1.2.3.23 

fabrication of micro/nanofluidic devices 

A_1aLuia31 ul jJl ^Jc. аЛ^ЛС. L1 LjjfLiA <1xjuia31 AjxjLq jjL31 ^jjll ^^£j 
Ялл^ ->SVi31 j£ajj ^cjjj^ j c ^Lv^ ^Ajl_AjjL3! ji^j» 31 .ILLm Sjj^^aII A_nl juLLI 

LjjL/Ljj£jA <xjk-£jA d j^-^1 (.з-З^- j jLj ^ j j-U ^xuJaj jli ^иЗЗлЗ . л'\\ n UjILui jaj 

£jju-ajl! UjIjjjJuj LiiljJA ^alc. (JSuiJ £_lluajl! jjfL tUili ^Jj AiluJaj . jjj£j (J^-ujI 

• AjjuiLill Ajjj£ja31 



J^jJl jjLLa .^LuiaII AjjjL AjjjaLjj SjLL ^jjjjI^I j^LLl jg y a \ й jjuja 9.23 JiLlll 

(Wiley Periodicals, Inc. <> jiL <53 t^jLl >) .10 |im > dLi 
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э Ln^'nl jjjj^lV! Д -Aj^, Liil jC. JlA aj^^Lojj jjjjj ^аЛУпх)! 

Язл jii^V! AiixAijll ^a йЛА jjl jja. 55 «DNA — 1 aJ\j_jc. 4 jj N ~50 nm Я-о1с.л 

jjjj^JV! A-aja. Ij^I jC-jjj] оЛА 2_ilk-aj]l AjjSj c.^ )1 A"n CaCix^ AjxjLq jjli AjL JLj.W'j I 
AjIj _J.W"ll Ij j jC- j L_l3l*j]| ^Jj^ l£jliabQ ^jJaj] jJ й j^Lojj ijSjL ^аЛУ uil .4qKx>ll s-^JajS! 
^j'u/l'll UllS 1 g ‘lL«- 1.1 4jjjfLi-Q uliin (JA y<JaliXQ Aaj£ t." 1 Х)Л Vn*)l Лд] .Я<а1Упл> Ajjjlj 
CjLajuj ^Ujj j^uaJ fc(Jj.lJ 5 ^ . jlLa j jV -all jjC ^aLuiA CjLujIjS £-q 4 x> AVix> Aj-gLuia Ajjj 

tJHJI (Jj±uj ls^ *Lj\jlujVI Я -Jlc. Ual jcijjjl Л J_>LaJ! jjLj U j*U> jjU]l (JjIj'UII 
1_кз \g jq.ua .1 (~ 75 nm) l.i> ^Uaj olia Jj,w'jl Ajjuj\j 3 Ualjc. jjj! aj!^L<ijj jlA (JajLIujI 

40 .DNA —U IfjjJUii 

^alS^lj dljlSI jVlc.] J VI ^xjLa jjLjll ^X.l'nAlll ^^3 (J j^.1 4<ap <]Lui-Q AjclI 
(j])lc.J (jj'qVll lc. Jjjj JJ^VI Ljljj'q'jll (J.1^] (jJjjVI -isaJ j]l 4_ijij (jj .(10.23 (J^-uJl) 
Jajl j]| ^gjjj]! ^Ja-uJ! Ljc. CjU jjVI (J-aLa. jjj AjjLjj^]! ojiSLi JaJjSI |ЛД LC-LuoJ ^ . ^\^\a 
^Jc. 1-л j-ftC. o jiAjq-a jq'ill оЛА j£Jj .(~400°C) AjIIc. 0 jlja. J_>jC jjc. ^jJI 
£_д Л)-ч11 (_£j! jaJ! (jjLLalJI Ljlj ((ju£jjj]| jl Cjl^jLuj j j jj]l lJu) 4_i>l^j]! _>UI 
jjl j jVi lJLjA .Jjtijjji ajlja. CjU.jj jjc. Ajj^UI AjjLj^U! A_Axuaj-o]l jjljj jjVLUI 
Л.пЛ! Laj j) j'l j£-aJ . jjfLiLuj — ^U.j jl jrU.j — ^L>j jjl£j -Ujj] A^.LLq Lulajl (JjV 
LojbU jl AjJaj cjLjj\x>Ni \ g'jVLx-xij Ljj\j^N jjVluill cjlSlij jl ^-L>j]l ^Jajm 
Aiji]l Sjlja. <L>jj jjc. Я LVii^ll ^-j]ajud]l оЛА j]>lc.l ^alSa.] Ujjc. j£-oJ 5 ^. ji>iii^VI 
JJC. -Lajl jj]l oUb Я -jjij CjCxj j^-oJ .^JajaJ! Cjl jj jjj AijxjJaSl Л J*n> j J.\ig II Jajl jj]U 

li]jLkj .1000°c — 500°C 'ijlj^. A>jc л!с. ajjA'iII Д -ijlja. AaJlx-a л AiJ jj а -ajI a]| 

<JC.jj j-ajj Laj 3 jL>ja. jXolc. LaA <SLS jll ^Jajuj AiUajj Ajial jli cAjCjjVI 4 jj'Vill 
. (jjl jaJ! JaJjll I^J ^Cj-ujLLq 4_i>\_>.j Cjlilij Ijji jJ jl ‘n-all jj^ Cj^x]] j^-aJ - J=aJ j]l 
C(_£jl jaJI Jsaj jJI CjLijij ^i cLiJjuij Я -illc. ftjl ja. "L>.jC -ijc. AjjJajJI \_л j-aC. j» >"1 

.<Jaj|j]| Cjlili j]l jjj]! jl £.Laljl£ (J^Lula Cj]jJ \ g 'N-qJ c" П"ч j Ajjla A_i>L>j]| clj-U! 

- * 

j-uaU AjxjLqjjV-qII AjjLj^^J! 0 J>g И CjlilSj ^■LiiV Jjjjia]! оЛА \.i 'n'ij j (J-<iXJjuj 

\ g j>La_] л >jj VLSI A-nujLi]! ^c>]L«-a]! ^_л Aialjj-o c." n jl Jajj]! cjljUc. л jl 
.AjJIc. dj! ja. "L>.jC .lic. c-Lc-jIIa Д_1Лх-й Cjljjj! ^^Jc. (J jja-i (_£l]l c^L>j]l AjjJaJ ^JI 


870 



.CljlaJall oUUxiA j \ ji£l AaxjLo ^juAi ^lajoij V Lg_j) La£ 
cCljljjajll c5-^j ^ 55,60 . AjxjLq j j^Ljq]! ix-Lix^al] (Monolithic) AjjjI jjj* CjLjILo jJjiaJ 
L_ibujjj (j ja. ^j .l^JaiAjj j»j j (sacrificial) (AjjLja) <jlji LLJa Jjl l-aioj jj <_$ ja. 
^JajoiljJ AjIjLI <iiLll fijLa aJI j) tJli Uxj (jj^. .AjI jill <ii]a]l (Jj3 AjIiLa A-ijL <aiLa 

.^l£^.L <а]д_л j Дх -jli AjxjLa A_iial Jj^^V'il AjjLajjVI — JLtJI L_Jaj]l jVj^'nll diLjaj 
<iajujljJ LL^L/ Cjjjl (^^^1 i^jljj <aiL£ jjllLa! ^jJI 4 Lia ~^aj£}Lijj jjjj ^аЛУи J 
Tetramethyl Ammonium (TMAH) j.jjjjj/1 JAl. ^bj j A .a n' 1 

SjLq ^al л Vu^iL ^^c<j]L-ojj jjjoijj jj3 j-o a^jLuLq a_Aac. jjjLj Ljajl (jj^. -Hydroxide 
.Ajlji AllLa AliL^aJ ^JjjJa jaIiLqj 4_l!aij SL Lo 1 (Parylene C) A_ijjU Ajjj^j] jJ 


S jj^j]| iaj j Ajjlij (i) 


Li ji]| AiiLLl jjiajj AjjLj (Ч- 2 ) 


JiiAlillj AjxjUiII suill 4^vi ] 


4j|jiil 4 a J\ l k _i,im jj ' | 


4j*jLj ^jlj c— ijSii .2 


4 j|jjl| Aajjall (jjj 4 jlai_Ul Aajjall l_Ujj)jj _2 


suiii (З^ЯсИ ^uu.y l5j^I Sjj^j Jajj ,3 


sui (Jj£jjui iLijjii ^ijjaii ял jj .3 


Jajj AijjJa (I) . 4 j*JL> jllij j j%*a sj^i ^J_ali l&jjl jjSSll jljljUl 10.23 JHJI 

.Ui jjJI AJjJaJI (j .м л п AJjjb (i_i) .s jj£jJI 


AjjjIaJ sjjSj Л_а AjxjU s jg yj 2.2.3.23 


Fluidic devices with plastic substrate 


A Jajjj Ajtjlli jJxuaji djl£ CjLljjljill jA A j JjljjJI JJC. MEMS " jljji jl 

JLiii J o jj .a jjjS CjLijAj xjjj_3jll 1 ^jjLIsj AjJaikjjJI l $A1 £j A a-jjj OLixjLoj jSjaII 
cALijSLliji JAiji Jjjj ^(Polydimethylsiloxane-PDMS) jLAjii— JAij 
i ( Po I y c arho n ate-PC ) CjUjjjS JjjII s ‘(Polymehtylmethacrylate-PMMA) 

j| jAI jju-b jji (Cycloolefin copolymer-COC) jAJ jVi liljlAall jjjiJjjII j 

6 I .VA* 1 jI JAVI Aj jjlSjJI 
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dlUlij j Ajj jx>i' 1 Liil jC jliUI Л 3->tJ jJ Jaijj jl AjjjljU! jjl£jU j^AJ 
CjIujI ^iil X) . (jiL^Jlj L_b-ia]l (Jie A_iuj\_i2 j!i£L/ I £jju^alJl djljlij] Д-лр. Л-л jj£! 1 g 'iSlj 

(Glass transition temperature) Aj^L*. j JliJjl £ jl j^. CiU. j j LgJ CjI jjajIjj ^^lc- Я-<иШ1 
<Jj3 (jjaj ;l^3j3 jl йЛА Sjlj^J! J_a.jj j-o L_Jjill_J .(100 ~ 250°C ) 
jUJI Jjj^jll ctillj j-o VjJ .^JjjfLlA ^jj (Jj^jjjl ^ujJJJ L_l3li Л JJjg kti\ jj|j]]| 

s > 

JlSljVI Sjlj^. <^.jJ (j- pjjaib “Ljjl^l s^Lall jp-ujj (Hot embossing) 

jxj .Ja-oj]l jjojj] a jj£j]l (jj3 ( jjx-o j-o <C. j'u/a-a ojlc-j (J j^.1 Ajuijj a jj£j J-i» j 

% 

J=JJ JjjiL jSpj . ^l^-L Aili-i Ajjj^j-i sliii JjSJuI Ajj1jl« Sj^ j Jajjj t J-ip'nl l 
^Ujll JUiiVI ftjlj^, 4_a.jj j-Q L_Jji]lj (jjjjj£j]| jj -Ч uHJ A_jj|j]]l jjl£jll 

. (Jlc Зо» J>-Q 

jl^ja. a jj£j Lg_iuajj £_uj!j (jUaj ^gic 4 j jjajIjUI j| j-UI ojA (J-<utjjaj 

AjLoC jC ^LjJoS 4_ljj|j]]| jlj-UI ojljla] j^AJ 4 j£]j .<CjI1a jjal jC-V ^JuLAjjfLiA 
(JjjILq CjLdjai Cjlj AjxjU jjljll A-UajVI j J u-o‘‘i i_il£jjj U j£j jl (jjlj^il JaJjll 

AjLoC j^U. jj»,'n jl j£-oJ JXj-sa]l ijjli]l cjjLo-m]l jlxjl jV 4 JJ-o j j5Lia]| jjj (jLacI j 

.^JauJ! jl^-ajl Л iiuij (Jjll 6 juull A_a_nj (_£jl j^J! JaJjll 

jj^VI ^j] .AjjjSjaII CjLixjLJI £_uj!j jUaj ^^ic PDMS JaUa-UI (J-ax!1uJ 

II 4_jj l. U-o j^AJ . jix-o (JjjfLiA ^jljLa ^aUaj] L <>1Sa JJC ^Jjl ^jj-^j u-ol Д_А£,])1 а 

<Jaujl jj ^j'u/i^i Sjlcj ^unlj i. iL-o L_Jli (jji JijxJI Sjljji. <^,jj jjc PDMS 
^■U.j]| j-o jl jjljUI j-o S jj£ j jl 4 j^l PDMS j <Jajj j£-ojj ^(Lil jc j!li]]| 

(Jji jixJI JJC JaJjil (Jg,x J .JijxJI ojlj^. Jj^.jj jjc 4 J_uj j^C JJC jl J_uj jSc ojjx-saJ 

Jj~4 uiSL/ 1 La j]UjJ ^LaJlx-UU 


Jja.jj L * JJa'ij V PDMS ]l -Ljj jl Laj . Ijj^. 

^J] PDMS Я -IjjSjaII LjUxjUJI (JLa-o ^JujjJ j£-oJ *j]]j] iUllc UaxjJaj A_Jlc Sjlj^. 
ajljJa jj£1 Ajjjl j]]l j| j-UI ojA j] .((Jsl jl ~Ю0 пт] Л ju-o j I j^, AjjSj AjxjLa LjUiuj 
cjUj£-o 'u-ol L^_a 1 . w'uxil j£-ajj 4 jjfLluJ! j! ^L^j]! j a (ji I ^ijj (JaLxa^ ^lc (J^uj 
AX-O U-ol jj] j jjSj PDMS C-LulC ^al , W'uxil (J J^. 4 jLLUl (JjJuj ^Jc .A^J^J] JJjli 

cjtc,Ui] <]^J| ЯЗ! jVU ^-aujj Laa 4Lj! jlxJl (jA jjjxJ] j jij Ujajl Aj] 64,65 . ^juUijjfLiA 
U jjc AjxjLaj jSj a II PDMS S j^iajU 4 j^]j . AjxjLaj jSjaII sUSll ^э S jV'i^ а11 $.1 j^Jl 
^SvJl JjU j^ jjfU j! LojbUIU ^JIxa]! PDMS il ^^vLiuill L_flj]a]] j^Aj .Sjjjc 
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(jj jjC ^Lj^ ^uCaLj CljHajj ^Jj ^Jjjj jl j^-<^ Laa ^U'O^ £-a jjx'n jlj 

Ujlj AjxjLaII UjLliiLajll jjaxj Ja^iI i n La£ LjiJ jjjj] jjjjS*,!! JJC. PDMS Jajj]l 
js! fiClc. PDMS j-ajJajj ^lill Ajjjljll! jIjaII jj tLUajlj . ^JLtl! Jai_Uall 

I Jjj£ Я^ЛУи* 1 <аЧ ( jjjlij j\u,ll jl jjlljujlJ <ailk-Q UjIjjI-Q oL^J ^La. jl! j-Q LuljjQjS 

.^^JjjaJI j-L-aall 

Applications of nanofluidics C>iU]| JibxjLd) cjUjjbl 4.23 

4^4mU illj Cj^l-AoijUI jjijlj CLjUI 1.4.23 
nanofluidic biomolecular sieving and sorting 

2 Л 

UjLujILq Clllj CIiLaLuiaj Clll x'j jaII jl ^^jjjaJI j\jjx]| ^gjj jj£la jS Ci \ j-dxlxCl 
c AjxjLq jjLill o j^JxVI jLoxiuj! j£-<n — ^jjjaJ! jj-ajll CjLiIaC. AjjiAjjLj 

.AjjIjjoix]! AjjjLj]! ^Luia]! CjIu u! ja]| jc. Lja jC. t Д а^Упа Ajjjli A_njj ^uoija j! jlj jC. 

CjLujILo CjIu Ajjjlj ^-jjj-aJ JjjV • J jlaJ Ij^A jj*J jjLuiA SjC tdljA c j^lj 

Jl jj V c IjjIj . JguuJlj JjjJ I j-al A_njjaJ! aLjxJ! ^i (l -Юпш) AjjLLill <LIS AjaLuia 
jjxuj ^_ic . JaI^IL Д_а j^La jjc AjjjaJ! CjIjj jaJ! j Aj jjljl! ^jjll jJJ AjI jlnl! jjcliAll 
^^jjl! jAjJa AjjjaJI CjLjj ja-11 A_n! jjuix]! A^jaJ! J ja. CjLjLn]! j-o I ja. JjL]I j>-jJ t JIja]! 
jiajj Lojjc I jjjxj Jj£l (XuJa jl! ^ u-aj .(NanOCOnStriction) Ajjjlj]! Cjl ji^aaLl! J Ajjjlj]! 
. (jnjaJI j^LSul! jLjcV! jj*u ^V! u_iaj i! cAuiauJall AjjaajI jjI! CjLjjaJ! ^JI $. jaI! 

<u-aLaJ cCjLjjJaj]! jua jjj*J! ojjLo A аЗ-Упа!! AjxjLijjLj]! AjjaV! 


jja. jL-Q jA Sjjjil! DNA II CjLjja. ju -аЭ jl .Ojjjil! CjLjjaJlj CjLAJjuiaJI 

j±aJ! Cj|j DNA CjLjja. ju -аЭ j*j .^LajA^uU й jjja CjLjlLoj AjxjLa jjLl! oj^_>V! jijJ 
^auujuj DNA Аж>\ 1 a A i -aJ I La^_a (20kbp ~ lOMbp) jjjU! jj, WAl l ^jjjU! 
(^guCajjl! jlanJ! 4_ixjLgJ! AjjLj^II! S ja_g_!l) Д -JLaJI La. jl jiS'JI j^lj j\)>ll 4_]aJja. 

jj£j .Luiii !j> jjj£ ajA DNA I! cjLjj>. jjILq j! ^^.Lsj Lujj ! j> a]Lx 3 jjc- 

* 

t ^ J>U ~1 [j m j j ( JU (J .U ^ <1 ^_ij _jLlL<l]I) ^Ajjiill j Lqll . 

j« lilljJ .~16 |jm jA jaaJI (JjUIj . Jj^JI JfUI ^jjj^ 40 kbp DNA 
Jj j] jjSilj DNA 31 (ja S jjjUI dilli jjl ' И Jj JLjc. ^jj_aj jfLoJl 

• UjjUII mems 
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4 \ u*i_j 4 'iL*'*» j ^C-Lilaju*aVl ^Ь1ф]1 ^Jj ^^JJSl (j-Q cJ.jl Ll^ jpjuJ^l^ Cllj)-cNl^3 
^jIc.l] 1 (_j-o 4 4)3 х*о ^llx-aJJ Д-С. ja^n aII аЛЛ С1±л1з .Д_Ь^1 э DNA Cjlllj^ (Jj-a^] Я]1лЗ 
DNA S1 £-3^ LoLlc. .DNA 11 Я£^^] l A. y4c. l^il ^ic. a^xjLgj^^lq Ан 3 ! (J^l*j 


Ac.ja^-q ^jjjiajjj .l^jLLajlj 4_il) j^Jl (JjajLaill Ailc.L Ajjllil! ^-hll f J& cSlii!! ^>JC. 

^allaj ^jji]j-o]l ^.V jA jj^ ‘DNA II (AC) AjjLiIa]! AjjL jg,^\l (Jj'^,11 j-o a-U^Lq 

^jujLuj! jj Llja]! Ajjj jpa DNA l)*-^ <jl£-olj Il^. VLt3 AC-DNA cJ -^аз 

(11.23 (_£2Л) 68 70 .5ij5J o jjs J!>Lk (Megabasepair) 



( s ) м 


(i) .^frUla-al jliii ^jk Jjjla DNA I ^ .bjill JlaJI ljI j 4_uLj$Sj| s ja^JI 11.23 JSJJI 

JJJu jj^ .UliS » ijUJI jl^-JI (jA 4_ujUa 4 jj^a 4 SjjJd J!>Li QA ,»lS .4jla»ll Ijju 
Jja. (»L-aSf 1 j_jJI (»Jjj jja. ^ j .JSjJI J jjj л jA UU 120° «IajI <ji (jjLj$S]| JLa-aJI 

jj| jl jSj «jc. jju . Jjbi 4ji«j » jiU IMc. ^jijj JjlaSfl DNA II Jji jli i jj-MSI DNA 

DNA II j a jjjj) jjj Juaill (i_j) .4i£La-> JljLU DNA jjUuja J-aS jj^j ‘® JJ-UI 9.1$] 

(4jSjj«VI LLuuISI AjiaaJI ju jjU 69 jjijUI) .^UiiSI Jib (48 kbp J 166 kbp) 


jjj4jz.ll jjJ i— ll Jj. «aM ^л-а 4 _ixjLa jjU sU^ I jiiil j LxJu j Jjjj j£j jlA ^juua 
jJaj-ia jjJaLji jji slji]l sjfc jj£jj 40.41.71 i j aII <Jja_l! 4_ajjjji DNA (Ulllija. 


jjJjLu]! diljjiij jj£Jj_J| ^ lr. <juUI Ui! jc.jiJ]l 4 u . „I Jj 4c. 4,,^z AjjLiia <iiAC. J 

jn j j4 \ jjSI jl£ _ Mjjjia]! DNA ]] j-Aljjj]! j]afl]l 1 jjjjai jl Uu .(12.23 (J4 .7. II) 


^jjaUji jA Ug-5UaUjl Aic. DNA I! uiiUjja jUMal jj_ jU i j U . >.11 jUUiU! jjaJ 


jji . U ]aj]| DNA !S 4 _Ujj_ ^jjjuVI jl aua_VI I Ub J7u_ . aU.4 ^jjaUiA <_^]l 4iiAC. 

jl ^ j4 «II jjA jlilUUU' I jA j-liS-oJ ЛЗ (J jJaVI DNA CilUj jjj jl c JiajaLU jjIUI 

.4]jjiail jlSa]jU ULUa. ijjuaaVI <_^A ^Ull _U]j jj JJ^I 4 c.jjjii 4_ujjjjU/l Ull jUUaUi I 

* 

ciliAljjJ ^j]1 (j£Loo]l Л_1 аА! lTjLI. (j-o jl о^)Л1_]а]1 j£-aJ 
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40 


Clljj jjjUaSIj aILLIaIIj jAjJa оЛА jl Vi*\VI 4 _i1aC. jj .DNA II ClAjjj>. 

^-qjujj La-q to jjx^qll j ALjla]! DNA ]! clAjjj>. jjj л q\'K a AjAjj^ £j>a a_i£j^. 

5 ) DNA CjLjj j> (Jj -лЗ (jj> .4_L»Jajj AjAjj^ (JjA^. j! ^ ^Ал ^al . W'uL jjJj (Jbt3 (Jj^a^J 

.а1л$2 30 J!Aik Li^jjAi cl5 mm JjL^j Ajja! j^jJa AjJUij (166 kbp Jj 

м 

I 



1000 1500 

(s)»J?Jli>j 


2000 


— !! J^i! ^jjjjSf! jil! j»UaJ ^hjbVi j (!) ji!b DNA J-aS 12.23 JSjJI 

AJjj^Sfl AjxaJI >а [jjlj 40 J^.jJI (Ja) Aijjia DNA JjUjja. J~^2 4 ■> ji (i_i) .DNA 

.(^jUl jiili 

l-li^ UjjAJ 4_ixjUJj]! S j^>V! (J^jjj cDNA — S! Jj-iaa ^j AiLjaVb 

(jjj.i .4£jj c. 'qjxjQ j!i]! j ^jaaAiU ALla L^aLula (Jl^jjj! (jV соЛЧ» х>\1 jj.Qj\ jj]l 1 £j-qLjjJ (JjLjjuc 

^.'iNUtil ^^.4 _i*jLa jjLj fiLii JjjJa DNA $■(_£ jaJ AujjjuiV! jjijV! S jS oj^jLojj jiji 

CjIjjj^. 4 qixja j-o Ac-jjj— a-c jj j^jaII jj.j 4_л]а1п-о 4_Ьй1_юьо 4_ш oj^Lojj j]j xiV j f\ \ i 

Kulip Auiljj cjj> iii]i£ ^^.(JjjJa DNA e-(_£j>-S Аз1_*_а]| AijjljJ! К)а1шл]| Auilj^] 
39 .AjX.jj K)>\jl (Jj3 j-Q 4_ixjLa jjlj aAi3j oLis DNA S! e>(_£ j> 

Aj^jU ^Lut 4 lj\ j A-iLj^ i-Lui\j&/ ljL^uoiLj 2 . 4.23 
Nanopore molecular scanner/detectors 

* * t. ' * 

<jL*_ 1] 1 qjiV» I j-o-q 4_i*j1_a jjLj]! 4_ijsV! j! (j jjLj]! (JjjLiAa]! Cj! j CjLaLola]! (J^juj 
C jllijaJ! JliiiV j^Aj c J.vl»,A jj£ji jjc. .4_i> 3 ] jS 4jj^> 4 jjj j> ^Lajjul> jjf*-S 

j3 jj .Aj^ji CjIjj j> jc. c. LK\L ^_ajuJ Lla ;! jjl_AJA jjfLi (j! Cj! jjiS! аЛА jjc. 4з\‘Ка\ 1 
Lj jij! CjljjjaJI j4u»i Vi jjaj t." п*ч Ajjj*n\I CjI ю)*ча\1 ja Л).1> ^jiS S«lJj3 4_»-aj3 cASi 

.AjjjLjl! CjIaLulaJ! jjc. (Jjjilij Lolic. 
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^bm^J (Coulter counter) jiljS ^I^C- I jVja 72,73 jjJ-aj ^JLua j'jL 

(Jjls ^aJjuiaJl ^jjjILq jl LaJ • ^ 1 3 23 J<; xall j JJajjVaII jj^ 4 <LaC. 4_i*jL* A_lial ^al ,W"uJ_J 

^jjIjIj .oljiil Ajj\jj£^ 1I <Jx-aLiJI ^LuiaII J^C. ^jjja JLmm ciilJl 6 aLuja]1 jLuIj AjjILq 


jjj JjLajjoi^. jpa ^jjl jaj jjjc. Uj j-^ (j*uii*\*i j jii j-ail ^-LLajj-ul t jjjl jvil jjj jLiiil 
L^jLula I Aia \ g Яс. ja*s a\I C1i1a*JjujI . jjLatJI ^aJjoiaJI (JjIIa jjAflj ^aJ j)A j C j j j£jaSI 
4_ijal ^al ЛУи J LiJajl j^AJ ^^.^auJal ^aLuiA (JaxJjuiJ AjjlaJI <л_юА\ (Jjjlk j)jIjAa ^U/il 
(JA ^аЛУи J .^xjLaSI AjjjajS jjSI CjIjj jaJI j^LujJJ Vll vLluj 1 glVeaj AjxjlAjjLj 
1 |Jm) Aiiuiaj 200nm) <£j3j ^LjS ^4 j!>La jj c." vAjq'n-4jj j "^AjbLajj Aj£ j3 
j-ajL_^aV jc. ^Lja3 DNA II J jL jjLjAj ^iajujJ Laa iA_Ljla DNA JjLjj ja. AjAa')! 


(!) (^) 



Time(s) 

jg ) AJ SjjAd (I) . jjajj^JaII jjJ ljLajjaaJ ^JuLajjU ^duaj jjijS JliC. 13.23 JLuAI 

jjJ lj\ лииу SiC jjjC S jLuil jjuAJ (uj) .AjxjIajjU SUii ^JJjiWI J-ujLUI 

.(fUjjiii ^jaVI Цл aI I jA j3U 72 j-^j-4 il jj) . (lj I njv ) jjj^Ail 


^JLiiil -li-lajj ^uuiaS <ijLa-A ^jSjjaJI (JjJjuiaII Sj^aSl ^ij j^Aj 

^Luic. jjjjjj ^ajjUojj jjLuoiL^ ^лУи J . j j,WaII (J±vJI vpLV DNA ViLjjjv. 
$.(_£ jaJ L^JijLv j)A j^AJ ^jill oAivjil SLjill AJiuaJ б2.6 nm ^Luia jLxjI <S t ^£_aLula j 
Lajli C(_£jjLlSI ^^JjjVI jLnll jjjaJI ^_jaiV jiS . jaj jl J j,WaII JfvJI (jjLvl DNA 

J^uil) DNA Sl UjUj ja. c. 4 qi'A aII (jAj-kLujilLi A_pjjaJI VAmajil Алз1^)а с!з\_1^1£а) uiiij 

Ujljji UiSJ ^ JA'n ^aJ jA j tVijLnL jA Jal JijLv. ^JjjaJI JJJ-aSI Juaaj .(14.23 

- л 

JjjII jjj jliAlll Ajjilil йЛА I g J. Vl <c. JAV aII uiii ЛЯ-1 C." ЗаЛУь J .VXJJJUJ (JAJUdV 
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(jlajj jVl AjUJ (jfcl j 78,79 (poly(dC) 10 o iM-** P°ly(dA) 100 l&-°) Ujljjj 

cIjLgI-uia ^ juAi jj . (Jj.w^\i (jcL^I DNA 1 ^iiL^JI jAj]! ^j^-u^ll ^JIjjI! 

jmj J! jLo j . u ‘qLi^JI AjjoiLui^ jjui^j j! j£-oJ й C.W a CljLiujAiA £-о I ЛуЭзм Jj£! AjxjLq jj\j 
.4 _c.jjuj]I Aijlil! DNA I! ^ JLjS! cj-i^j 4 jVi‘J J j'u^^ll !лс.1 j L^ujj-o ^ j uA'JI !ла 



jV DNA — J! CjLLj ja. (Cjl 2 j . Ajjjtil! ^Laa]! Aijjiaj DNA ^ (jJLuI! 14.23 JiLuJ! 

79 jajaI! jnj . (jjj! j^J! jjj jLH! c AjjjU ^Lula ji ^Lujc- jjjjjj jjc- jaj 

. (AjjjaJ! AajLjjil! Ajt jyll j-a jjL 


Single molecule detection 


Ja^j f-iSJ*. цшмл! 3.4.23 


tJjLui cjUjj^J! jjjA-aj] lc^. Д -ujLui^. Ajjij AjjjjJoI! ojjlilL jVuiVJI 
cljkj-o .AjjjIs <iilaj] j-oL^. -1 i^.j ttj? j^. j-o Ajjj]^ ajLujj j^iui Vi 1 ,‘Naa ^j-ua! jVlj 

J*Ux)Nl]| ^^Jc. ^CajU -ll^.j £(J j^. JJJUl^j] <c. jHa CjIjiVi JJjlaJ J j^. 
CjC^j j AjCjS CjLjjj^ jluliVi jNI j^J <j! ^-C. jLl! CjLjiil! oCA Cjjjj! 80 .^ j-Cal! 
^jll! ljjL^jJ! ^ajuj 81 - 83 .Cj! qjAMI j-o £uJj CCxj Ajjl^-oN! oCA ^-ajuJ U-Sjjujj lL^jjjA 
j-ajl >/т\ jj^j lAjjj^LL! cjLuiLi]! jj^c. (_g-]c. tAjCji]! cjUj j^J! jjj-ui^j ^j (jCjj 
. CjLj j^J! j-a jjj£ CCx] Jajuj jJa C^l ^Jj 4_^L^J! j jAj 4jjj j^. 

^Jjjlill L_fljUaj]| CljLoL^ j-o Cj^. j $.(_£ j^* jjJ-ui^j jj'q Vi Li^jj-oj JJJJ 


uILa jjfL c‘n^j c(Confocal) jj ^CL jjju^a ojL'V! ^j-ja j£j] j^c- (JjLj 

SjLujN! jLj L-Sjjuj . jjx-o CllBj Ajc. ^jjsLI Ajjjlil! ujjUajl] CljLoL^. Ля iCij Jai3 
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IJa jAjJa Cllljjjaii o Jjj-oaII Ijg^ jj» x-a (jAuiaj ^~ч ~ч jA Ajjjiiil 

o jljl j t l <2 ^)^л1а11 CllLijj^iillS tA£-_jILo (Jjljaj 1лА JCiUll JjS-ij - Jj- t -Л 

(Surface evanescent waves )-» * »' ! ^jc- Ixjjjj Aijljll CjU^aII ojIjIj 85 ' 86 t jjjjjja 
(Near-field scanning c-iijill Jba -Л Я:^1л11 Ajj^jijII 4jj $ , > j 1 I j 87 1 excitation) 

88 90 .optical microscopy) 

| jjjjl jjJjJjS jl^ j jjijll JaLiljVI 4 )31 Jjj Lal i . .1 j'~~'SV 1 jjjjjijll joi 
tjjja jjSjj jL Cjjs. t(Fluorescence correlation spectroscopy - FCS) Aijaoalall 

.^1 tdi j jA iu^jlji! Ajjjiill 0 jLujVI (JAJuiaJ (_£ jaJj jjj^klL J J,W A (J J jji 

cjLiujV! A_l±uilil йШ1 й ^~ч^к11 tiiiL j-ojJa CllUjjaLl j-o (Jjis jjc. jl£ Uj 

<£j^J! jc. diLoji».* CjUlijJ! (j j'Wi .a_iaa! dilJ ojjiiil ^La^L <jjlLo Ajjjiiil 
JaliijVl <iU jijbU .jUiaiVI с_1°и«-л Jlo tAjjjj^Jl (Stochastic motion) AjjIjUxJI 
^Э ClAjjjaii jLaaiVl J-obt-Q JJjL^ Lb-lic. 1 VlS-Qj i (JJjJd^jil j-Q Ajjjiiil OjLujbU 

. JjLoJ! 

jl 1 fl ^il ja. jA i-ilc. N.A. dlljjj-al jl_AXJjuj\j ^^.^.jj-ajil ^^jL^-aJ! ^j^J! jl 
C. lUtin . ~ 1 nM jj^ JJ Aic. 1 Jl Jj— £ aj 1 CllLj jail j jC. Ja-Uj JJA J 4 JSI 

La£ ClAjjjail jjC. jLjjV 4 0_iauJaJl Jl fijLiVI 4-luj jjA^JJ AJLtJ! jj£l jlll 

^LS>j2k jiajijj) J_C- jjjA Ajjili ^ii jLixJjuil j^AJ • Ij^. ajJxj-a ^u/i'i <Jjjuiiil ClllJ'iJl jl 
jjiJ ^аЛ V uj,i 1 .ag.L ^ iaII 4 nxll jk ^k j-o jaiL jl (JjLuJ! jt/i^i Ia! tjj£l jj-ui^iiil 

Aj^LLaJ ^SjL^aJI JJJOL^iiil pNN j-Q ,W‘l\ (JJJAjiL JjLiA Clll L 4 jYla A ^fijjLojj 

jLjjl 4 y j\' i . ^ic.1 ^tJ^uJa ^l й jLujI 4jjuj Uj^kA 4ji£ L-JjIja *ijxj (jjjlill -LLjjVI 
^jiijll o jA ^al ,W*u J j^aJ Ajli c4jjxii jA-uiAi! ^ilxil jj£ jjJI j ^c-i^uJaJl ^Jl ojLjVI 4j-uj 

Ajiii Ig'iL-aj t^jjj^Jl JjLiillj jjLui^iill ^1 _а1а!>11 ojAaII cjLjjJajll ja jjjxJl 

92 ’ 93 .DNA —11 JLjII jjjjjU Sjjjjk 

Electrokinetic fluid control ^JLa 12 AjjLj^HI 4a£ jaJL ; >Sv1ll 4.4.23 

.SUill jjjliAJ jixjj V (jijjll Ac-jjuj jl Sjjji A_u-aLk ^-jLj^UI ^uJaLjU 
jl AjjiL ^aLuiA Cj|j j! JA JJC- (JjLui ^ijl (JjL ^g^jijjjjA )a» kia ^"LaJ jj^. (^J 
^iajuill jAijL-ajj iai3 (jlxJJ ^Lj^ll ^uJaLjJl (j3jj Лс. jjuj jl jaj cAjxjLa AjjiL 4_аЭ1 
jji ji jlg *sl LuiLuj! j jfL jl ^Lj^i! ^uJaLiiii j^Aj 4il ^ j 1 L • (jjLaAll jjASlLj 

. (Jlc. )a» kia 
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JjLLa Uj! j l^jLx) C* ! JjuL^-A JJLjoO U.U.J jjLftjj (J JJ ^ЛУии! 

Л ju-aj) U^lc. 1 L»« хЛч л! Jj ajjjj (_£jl! t^Uj^ ^uJaUj (JpSi jJ jlii jjSLlq 

4j^\a jjul^. 4_L^aj 1 £'\°us-i) 100 nm oUa oj^Uajj <_£jV! ^-^LujI .(8000 psi 
4 л x>ia\ ^ 6 .4jjj5Lia djliUj jx-aq\ ^bj^ll ^LuIaLiiiU ^''iVumx) 4 f\ j jj^jA A ~s x>»a 


96 tHPLC ^Uai Jlo tAjJuLo jjfLlA d j^ja.1 JLa*Jjjj^U CllUil^Aj ojc. ^bj^ll ^uJallil! 
98 i (N anotitration) AjjiLil! djjLxjUI j ^^Дп 1 ‘jUI jj*iiill Ailij jji )a» x>i j 

99,100 .(Electrospray) gLUj^l ^cjIU ^gl&l! u_L]all jUjSj 



4_nlji) ^jjbj^S JL^j» <Ua*uu!jj ^Lj^ll! ^-uaLiH! Jjijjj ^iaall 15.23 JlUl! 

^-uaUH! fflSh ^Vlll \ У\*\а\ (. AjxjLq SUil ^^jIaJ! ^JflLuI! ^ic- ^^ajIa jja£ ^jjjIuj .(Aj! jol! 
1! (jb Aj! jol! 4 jj1j 2 IfljUa jjC- 4 Wxull lj^LLS! 4HflLa jjlAuajnj ^iflnl! Jlu LaLu ^jL j^il! 

(^) . ^jjL j^il! j-ualHl! jjijj SjLjl tnlL-u jja£ jljIsj (tn) .AjjIc 5JIa (!) .MOSFET 

L>a jiU 18 J-^J-L! Lh) .^Lj^ll! ^-uaUU! j| ljajj jja£ Jjjlaj 

. (^jlxl! flkll 4j£jjjV! AjJLAfli! 


. 4j*jLq jiUl! j 4 j*jLq j j*s j xa II 4_ii£>Ll ^Uaj_ul! jja<L ^Uj^ll ^cjJaUjl! Jji-H (j\*“n 

aj^Lojj ClljjijajLuj ^аЛУи J . ^l^jLL. (JL^ -л (jjjaliJ AjxjLu oU 3 ^Jajui jja^j ^ V\l j£aj 

l" п*ч ja ILa .(15.23 J^'ill) ^ 8 . 4j*jLa j jfLiA aUil ^Jajoil! jja£j ^ V\\ U^jLL Uja£ 
ciilLl) 4jjj£j-U! cLUi jji^lV! JL^aI! jjjU djljjjj-uji! jlil !.ia. <jLola ^j^LaI! 

^Jajjill L_L-Ui! aIjL ajL^djaj 4 j! jJ! 4 _iil ji ^Wl Tn^ c( 16.23 JLUl! c“FlowFET” 
i ^ jLLU! ^Jajoil! j ja£ L_ila j! 5 _i j! ja! jLl j ja£ jjjalii . J 1 ~ч a\I jLAli j jLuj ji! jlil 

f j^LU! ILa ^jjuojli j! jlU! jA . ^jUj^UII ^jueaUlil! (jsjii o^uj j ajLul! jj» j !jc.Uallui! 
^anll U-lic. 1 g '^aj ^^lil! t(jajjl! La uia\ o.Vi» a UjIjIj ja JjjaI! jJjlaJ ^! (JJjjj-u 

.4jjj<La\I йШ! (jjj^. ^gjl jaj<s j! ^jUaj£ jc.lilii 
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JL^aI ^glaJaai j (i) .4J5lejj Ci jjiuiUi JjI jjs Л-1иал flowFET JlgA 16.23 jLuJI 
jjjuiSVl 4_il jul > 211 a!I( 390 nm jjfuluJI Jjjli >а f-LUi. > SLiiJI jlia, .flowFET 
,_>bj^iil ^JUlll (jajj (ji jjiUI (uj) .AjIjjJI ^jifr CIiUjaS (Jjjiaj jjij i(MOSFET — II 
.(^jlaJI Jjil! AjSjjjVI 4j*ubaJI jj jju 18 ^JA jjJI jj>) .AjIjjII Ajjlji 4JViJ 


Summary 


5.23 


Ajjjj^. 4 j^JLxaj (J-obu <u«Jajl jjjJallJ <Jjjlj]| Cljl_ixjLa]l (JjqVi 

JjoI^II (JjlVill ^Uaj jljjaj C 5 ^ aj-ujLoiI ^iill 4<jjjj^_]l Ajjj^JI J^LuJI JLq 

jLi бЯ-зл^Уд \W ^Luia]! Ajjjljl! Ajjjj^Jt CjI ^ Ci j-<Jt j (jkLl-<J! ^ic. j . (^jjfLi-Ut 

L^LoxJuil j£-aJ LJailo Ajjj L^J (jj£j] AjIjxj 1 g xn-cu-ol j)^-AJ AjxjLojjLj]! CllL^uai J-<J! 

Jjjjja]! jIjVI j] . tCJ^. йАКа <Ljjia (jj^.1 cIjLaJui^. j Ajjj^J! ClAjjj^JI ^x-o (J-olxji] 

tj -шла]! j JjlvJI ^ ^ jg Л (_£Cjl jl ^ 4 _а^_л o j£_^.Vt оЛД Jj-o ^jJc- 

4 ql"iLx> (j jjLjll (JjIjLJ! л1с. ^jj j^JI jLJjjVlj AjxjLa]! j-ajLu^a^JI jl .(jjj^JI ^jj j^JI 
a jg_^.Vt (j^-ojj C(jjj£L<J! j! (j jj^jjII (JjjLiLJ! Aic. l^J Я 1 э! j-<JI lJ]j jc. LoLoj 

£-л .<C.jjjo AjuiAiA CjllUuJ (Jji^. jjSjj] fijj^J! (j^ajl х-оЧИ оЛА jLgjJjoiV AjxjLajjLj]! 
£j! j-<J! ^j]c. c_jLoi£jjoiV AjijiLalJ! j AjuiLuiV! cli j^it j-Q Cj jjj ^hi]! s . уч j cciiiJ 

.(_£ jjLil! (jjLLJ! Ajc. ^xjLJ! ciJjj j^J! j 
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Questions 




1 10 nm j tl (jm tlOO (im Cj.wj AjjLjaa cIxj! ^ jCx-o dLuuia. jiic.! - 1 

jn AjjailL bjjjij IjjcSj Jac. ! 6 A_i^.jj£ AjjLjjii! jjj! jil! ^LVuAj . ^l! jiil! 

^aJajoil! Ajaill A_uiij £- ^auiiL ^Э . ^xluiaJ! ^Э fijJj-al! 4a.jjil! Sj£j Д -ijJLiJ! Sj3 

?с!з! jjciiii! oJa ^ (J jSll cJ'i^xn !JLo .ajjJL^JI *oji!j 


£-lijjLj 30 (jm jlajxJ (JjJi'Uii^ ^^aJajC. ^Jai-a di! J AjjiL^Ajj jfLi-o A_iia! jjjc*! — 2 
аЗд JJC. $.1* £_ici L-JjILaII JaiaJal! U-lxiia.1 .100 ШП tl (jm tlO (Jm yLI Jjl! ^gJc. 

.1 (jm/s (j3-jj AC.JJU1 ^gJc. (Jj-uaa. 1] AjiaVI 


lUjXaLiJ j y V- ' ,Ajjj5Lia]I CiUijUI ^ул ^llc ibjjSjJ l" ■.IVilSJI Ulj (jiutj - 3 
^cjU .Lyjij 2 |jm JjU (Microorganism) AjjjfU iiUn t E. Coli Jj£ 
L -ила.! tl nM jl.vi.a1 Ajljc. S^Lo jjSjJ л '' г - .~30 |jm/s AxtjjaC ?.La]l ^ 

SjLJI j* .lia. J £(_£ ^jJc. (Jjj^aJl ^-luii E. Coli 11 j* jll J^JOJjiLi 

A_^.liuJ! ^jla'uiH V E. coli — 1! j! jiicJ t^UJ cxj .(D = 10' 2 cm 2 /s) Я_зЛх-<Л 
С1зЭ jl! j) -o ^ jLi .lACjxJ jli'iVn jia. Я_зСд-а 11 *icL<J! dUjja. jla'Vn j! 4_ikj 
AjCx-<JI *dL<J! j-o c^-j e-(j j^. C5^ cJj^^" j^Vn jl E. Coli — !l Vn 

А_х1ли AudLiA ^^^Jc. ^jUajU^ ?jjjjCill! jji& Jjill cV'i^Lj !JL<i ?AJlaJ! оЛА ^^Э 
.( 101 Purcell <JILq ! ji! tAja. jl jnj AnxjLajjfLio Alij jLuj 


30 jlajC. C 1 cm Jjia С1з!3 A-idLajjfLiA 4_ia.la.j Slj3 jia jl£ Jix-ajj jji - 4 
^JLJ! .^! jll! ^gJc. Cjj^l j Cjj!£ 1! <Jaja)!jj jij! jaJL 10 jam ^lii jlj jam 

AjjjfLi-<Jl ollSll jl ^j*J La-Q C (jlx-Q £.lc.J (J^-L Jja.j-G JjjlSil j-Q L_3jSilj 

^Jc. jji-o (jCjj^! j! jkll . j! jaJ! tCiiJ ^! jjj j jJl! ^xjLJ! .iia. jl! jLukJI 
jijj jli t jjCjji^lV! jiJ (100 V) A_nl j3 jjJaJ jjan LaJlic. .(jjaJI JaxjJall 
.JaxjJall j-Q .lijj Lq-q jjl^l! j! jaJ! £jLJ! (jSjj (^jL j^£l! ^-ueaLnll 
A_il! (juaJ j! j^-oJ (jil! laat ^и-аЭ^! ■ wll L-J-uia! .£jLU! jA s-LU! j! L-a jii-o 

•25 mV ojLi fiLiil Ljj jj-^ jiaji^! . j^jil^l! j! jkll 
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Blend devices 
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High performance liquid 
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Differentiator 
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Instrumental 
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Ellipsometry 
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Projection 
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X-ray proximity 
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<uL>-I_Xj JIUjM 

Morphologies 

4-_wj j L/2J J ISJji 1 

Powerstrokes 

ojjUJl i?l joJ 

Proximity alignment 

jjjLflj з 1 

Contact alignment 

U 5 j-> i__3 LJa-yj? 1 

Off-axis illumination (OAI) 
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Glass transition 
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Transport 
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Proteins 

Channel proteins 
Motor proteins 
Longitudinal - optical - LO 
Optical - electrical - optical - OEO 
Finger printing 
Post-processing 
Zero-dimensional 
Airy disk 
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Phagocytic 
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Structure 
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Stochastic effect 
Quantum mechanical effect 
Hall effect 

Single electron charging effects 
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Realizations 
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Dative bonding 
Interconnects 
Superposition 
Coherent superposition 
Aggregates 

Double-gate field effect transistor- 
DG FET 

Single electron transistors-SET 
Field effect transistors-FET 

Carbon nanotube field effect 
transistors-CNFET 

Tripod 

Quadratic 

Fundamental frequency 
Cross over frequency 
Cutoff frequency 
Pulsed laser deposition-PLD 
Chemical vapor deposition-CVD 
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deposition-MOCVD 
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Tritium 
Defect-tolerant 
Vacuum sublimation 
Covalent 

Thermally-assisted recording 

Perpendicular recording 

Leakage 

Hierarchy 

Sublimated 

Entanglement 

Quantum entanglement 

Dispersion 
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Aqueous dispersion 
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Nanoconstriction 
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circuit-ASIC 
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Technic 

Epitaxy 

Epitaxial 

Molecular beam epitaxy-MBE 

Proportional-integration - PI 

Refluxing 
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Complementary 
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Molecular beam epitaxy-MBE 

Reactive ion etching - RIE 

Nucleation 

Convolution 
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Surface tension 

Tensile stresses 
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Quantum bell 
Drift 

Volume fraction 

Chiral molecule 

Biomolecules 

Analyte molecules 

Intramolecular 

Many-body 

Floating-body 
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Particulate 
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Hydrogel 
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Superconducting quantum 
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Majority carriers 
Minority carriers 
Carrier 

Photo-carrier screening 
Grains 

Charge screening 
Entropic trapping 
Term 
Abbe term 
Extreme 

Antiferromagnetic 

Thermogravimetric 

Critical 
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Stochastic motion 
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Carrier mobility 
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Computation 
Quantum computation 
Vesicles 
Biomolecular 

International Technology Roadmap 
of Semiconductors-ITRS 
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Digits 

Magnetic beads 
Ceramic 

Optoelectronic properties 
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Meridian 
Diagonal 

Coplanar transmission lines 

Fuel cell 

Thermopiles 

Melt mixing 

Defective 

Dislocations 

Cell-mimetic 

Algorithms 

Quantum algorithms 

Filamentous 

Filamentation 

Filament 

Nanofilamentary 

Intra 


_э1—,з. ,j 



‘ukb>- 

y Lj 4_ia_u>- 

Jliil оМЬ 
jbuJi ilb 


мтғ 

Work function 


903 



Thresholding function 
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Lorentzian function 
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Wavefunction 
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Leaky 
Quaternary 
Tetrahedron 
Quadrant (quadrants) 

Order 
Third order 
Resilient 
Sputtering 
Wafer 

Figure ofmerit 
Digital 
Corner stone 
Substrate 

Nuclear magnetic resonance-NMR 

Dangling bonds 
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Brillouin 

Ribosomes 

Overglass 

Glass passivation 

Crawling 

Momentum 

Spin momentum 

Angular momentum 

Spin angular momentum 

Orbital angular momentum 

Superhalo implant 

Nanomechanical paddle 

Fin 


ijrKj 


V'j 

iiJlj i-j j 



-LO ji 4 Lju jJjj 


ji\ j i iilij 
ojljjt-l 4 (jLiir-JUjb! I ^Gj 
^J 
j^ ‘ ij 5 j 
^L-I oL c "iySj 

iSjy 4/“^'-*-* -jJj 
i-J-LU LjIjj 

Uy~!j 3 jj 


t^JJ 

bbjj 

^^jjjrij 

<r}*rj 


(JjK 

tij'j («-Ki 


lij'j (Kj 


^j'-U (Jjlj (%i-j 

iJL» (jjj ^jj 

djjjlj euSCjLCo e 4jLj 


905 



Torsional paddle 
Time - multiplexing 
Relaxation time 
Capture time 
Switching time 
Settling time 
Aberration 
Static 

Ternary alloys 
Heptagon 
Precession 
Plug flow 
Platter 

Magnetic platter 
Group velocity 
Rapid reversal 
Imaging focal plane 
Air-bearing -surface ABS 
Meniscus 
Capacity 
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Doped silicon 
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Hard drive 
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Hard disk drive 
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Dopants 
Stringer 
Spin casti 
Sheet 
Array 

Dilute array 

Hardness 

Rigidity 

Spin valve 

Sonication 

Image 

Outline 

Profile 

Micrograph 

Sol gel 

Focus control 
Intrinsic quantum noise 
Electrokinetic pumping 
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Photo luminescence 
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Energy band bending 
Strain energy 
Gibbs free energy 
Free energy 
Energetic 

Nanotransfer Printing 
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Micro contact printing 

Cladding layers 

Specular layers 

Monolayer 
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Seed layer 
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Wet layer-WL 
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Dielectric 

Bragg reflectors 

Reduction factor 

Heat-capacity convolution factor 

Surfactant 

Quality factor 
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Threshold 

Percolation threshold 
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Aromatic 
Ferroelectric 
Coulomb blockade 
One decade 
Turbidity 
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Reversible 
Sign 
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Dual hydropholic - polar (h-p) 

Metropolitan segment of telecom. 

Potential segment 

Segmented 
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Inertial measurement 
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Confinement potential 

Streaming potential 

Electroosmosis 

Piezoelectric 

Electrochemically 

Microlecttromechanical-MEMS 

Nanoelectromechanical 

Bio-MEMS 


САкр CjL-LJ 
LS* 

j-S 
aj A jlxSvJl 
^Lfij t Aj\sS 

0-L jj <• Lolj^ JjlJ j 

Aj £■ 4j j*./2 j 4*JJ jSS I 

4^>1к« С->1о jS 
C Sjlj5" 
JSUb <^s 
jlkJl jt- 

r~S 

aLaaJ I jJLo 

aL^ ^ ^J I — j k**S 

0 J**S 

о*1д5' 

ALiLJl jl Lo Lyg.1 1 Of-lAS" 
^- yg . L l OyoS 

i SjJff 

l 

Ajj_l>- _ Ajj jSSo - ‘U^-jlSLoj 
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Electroactive 

Electromigration 

Collagen 

Stack 

Cubits 

Anisotropy 

Nonlinear 

Anisotropic 

Noncovalent 

Corollary 

Derivatization 

Opacity 

Label 

Electroless 

Infinite 

Bond pads 

Building blocks 

Synthons 

Latex 

Plasticity 

Scrolls 

Desorption 

Hydrolytic biodegradation 

Technological platform 

Microhotplate 

Chiral superhelices 

Chromatic 

Liposomes 

Stealth liposomes 

Lipids 


-k-iljj ^4 S 

Ал jS 
CkljLo 

jjj>sil s jjLo t^>-Lo ^ 

jA-i jjU <• j-^l ^ 

tAiliaj t 

JajjJl Oblll 
f-U oL-J 
aUUlo ob_J 
(j^e-*>*Jl j-J) t 

^ljJ 
S__fljUJ 
SjlJl il jil JUJ 

Jlil ^jJU JUdl 

(<Ao>- jJ jJvj) <AoUj 4j>- jJ 

AjJ ^Sws OjU“ jJ 

4_Jl Ujli oUJ jJ 
(Jji 

Ul^Uol oLojjjU 
O jAi t ojl-L_J 
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Dip-pen lithography 

$«*il Ljl jLJ 

Scanning probe lithography 

^-*»>lil jk' jLJ 

Lithography 

c Lil jS' jL J 

Excimer laser 

w> Lx>sJL» 1 j^J 

Diode laser 

Jjj 

Vertical cavity surface emitting 
lasers-VCSELS 

<LJ jjLiJl o jj^cjjU wpLJI ^Ja^Jl w> 1 j^J 

Light-emitting diodes - LEDS 

f. j^JJ <clpL ol jjJ 

Distributed Bragg reflector-DBR 

cr^' Qji j>y 

Hydrophilic 

f-LoJJ w^- j\ f-Lo-U v-_JLjj-0 

Metastable 

j£L~A.\ ‘U-Jo C jl jJCL^j 1 

Transconductance 

«tJ-v^ jil «Jjj Jo 

Microfluidics 

Aj j ^5wo olwuLo 

Microfluidic 

Aj J ^5wo L_*jLo 

Nanofluidic 

Aj jjL <U*jLo 

Fluidity 

AP o t <LajLo 

Resist 

(Lil j) a_*jLt o^Lo 

Scanning tunneling 

^JjJj ^twLo 

Macrocyclic 

ajjj^j j5Lo 

Donors 

ijv^TjLo 

Occupied 

<J jj&Lo 

Confocal 

(J oJU t ^jL-O 

Truncated 


Pauli exclusion principle 

j_JjL ^lxUwl lj— o 

Switch 

(Jl-L-O 

Heat sinks 

AjjI UpL/ O 

Fast switches 

4-*j jj o'b/ Jw 

Protonate 

ifjT* 

Optical susceptilbilities 

Aj j+J2-i Ol ^j Lo 

Susceptibility 

C А-чР 1 jL C Aj ^jLjJ 
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Allotrope 

Durability 

Yield strength 

Reciprocal 

Scattered 

Residual 

Enatiomers 

Vector 

Wavevector 

Coaxial 

Quad-psds 

Solvated 

Inequality 

Conjugated 

Collinear 

Isotherm 

Continuum 

Polyelectrolyte 

Polyhedron 

Multilayer 

Polycyclic 

Multi-faceted 

Multivalent 

Heterostructured 

Lumpy 

Coherent 

Assembly counterpart 
Isotropic 
Sophisticated 
Parallel 
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Antiparallel-AP 


Simultaneous 


Average molecular shape 

^ojj-l J5UJI J jLa 

Mean free path 

1 jU-*ll ia^ jCo 

Gravimetric 

JUl- 

Gravimetric 

JUi- 

Thermal desorption 


Field 

JU- 

Bright field 

^LLJl J Jxil 

Coercive field 


Pinning field 

cJi- JU 

Fringing field 

JU- 

Shear fields 

^j^iJl oMUf 

Stray fields 

o^jLL 

Scanned-probe 


Batch processing 

oU-Uil 

Amino groups 


Carbon clusters 

Lj jj jS A_P jJLp CjLp J-o-5- 

Flydroxyl groups 

aJ_ww~S" J J c_! Lp J-O-^- 

Cluster 

A.O jJp AP j_o^- 

Lateral force microscope 

A_woJ-l 0 j-Jl j^T 

Atomic force microscope AFM 

£j Ail o jii 1 

Scanning force microscope SFM 

cs^ —Ь ;_jil 

Scanning probe microscope- SPM 

£-41 jj-C' j¥r 

Near field scanning optical 
microscope-nsom (SNOM) 

v o ^-Jl Ja>JJ jUJI ^-*JI j-^~ 

Scanning tunneling microscope-STM 

£t-~il jf^f 

Transmission electron microscope-tem 

jjj JLio'^l aj 

Atomic force microscopy 

AjjJJI 0 J-Jl Aj j%£- 

Scanning electron microscopy - SEM 

A_oj jZ£}\ ^w~i' Aj j-^~ 
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Cryo-transmission electron microscopy- 
cryo-TEM 

Phase contrast Microscopy - PCM 

Scannig tunneling microscopy - STM 

Biomimetic 

Synthetic mimics 

Electroneutrality 

Electrophilic 

Nucleophilic 

Step motor 

Biological motors 

Biomotors 

Diffraction grating 

Bragg grating 

Arrayed waveguide gratings-AWG 

Force amplified biological sensor-FABS 

Quantum dot infrared 

photodetector - QDIP 

Fingerprint biometric 

Inductive sensors 

Decomposed 

Analytical solution 

Free solution 

Contourdisk 

Issues 

Media scaling issues 
Holey 
Nanocone 
Chelator 

Lowest unoccupied molecular orbital- 
LUMO 


JjJJl Aj jVr 

CajL) 4 j 

L ‘U~jLLo t L olSl^ 

jc-4-S " ў oISL^ 
CjL SJoU 

cijlJj ў&у ‘U^ 

ol ^JJ ‘U^ 

cijI ji h 
b*J>- j» CjIS 

Aj jr . >■ dJ IS 

£1* i-Lr* 
i-Lr 1 

‘О.л ybS rfJajJj f-l 

Aj^-^-I I ‘SlSp 

JJ^- Jj-^ 
JU- J jJist 

yi Jl Ja^ 
^jUdl 

J? L» j V I 

4_e 

J Jjhlll jJ- Ji4 1 jajji-l jlail 
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Hiickel molecular orbital- HMO 

цгсй " 1 j'-b 

Highest occupied molecular orbitals - 
HOMO's 

ii J^tll JpVi LljJL-I oljlJil 

Unoccupied molecular orbitals -LUMO's 

4 J ^_&Lo j*& 4JoJ^>- oljl-Lo 

Entry 


Mesoscopic 

Ja-oi jJLo ^Ла 

Harmonic oscillator 

jj o-j jj-Lo 

Coordinating solvent 


Worm micelle 

цР.Я Ji-b 

Correlated 

l^_oL*_o 4Ja*j ^il 

Anchors 

o!j5vj jA 

Filter 


Optical notch filters 

4j j+/3 j 4_o_L-o oUcJi jA 

Interdgitated 

LJi*-l.s jA 

Quantum dot composite-QDC 

^^Jl 4 ] зА) <^S jA 

Multiexciton complexes 

J ^-0 L~SL 1 ^ _А_ж_*_о ц _J L5 ^_o 

Ligands 

& 4uLJ> Lo jl oLoj_>- c oLjol oJ_L*_o oLS" ^_o 

ol jJL*_J 

Nanocomposites 

4jjjL vJ_>LS" ^_o 

Stress-concentrators 

oljS" ja 

Resonator 

oL jA 

Mechanical resonators 

4_sSLolSL_o oLL ja 

Thermoelastic 

y* 

Viscoelastic 

4j>-jJ 4jJ jA 

Intermixing 

<r> 

Amphiphilic 

oiLJ_OJ_o| c (J J-Jl 

Amphilies 

LiJ'y 1 L>-j^j_o 

Lubricant 

Яд] Jjs 

Areal 

Lj>-L_v_0 

Assisted tunneling 

^JLJ JcpLv_o 
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ol 


Parity 

Probe 

Optical lever readout 

Tapering 

Sensor 

Recovered 

Biological receptors 

Planar 

Acceptor level 

Intersublevel- VISL 

Discrete levels 

Blank 

Track 

Cross-track 

Retrograde-doped 

Grating gratings 

Organosilane precursors 

Human Genome project 

Actuator 

Mechanical actuators 
Encoded 
Focus lamp 
Mercury arc lamp 
Source 

Liquid metal ion source - LMIS 
Drain 

Lightly doped drain LDD 
Identity matrix 
Compliant matrix 
Heavy-duty 


4j aLjJI 


Ajj^>- O*>\_JLww0 

t JwwwO 

^J-«jt*l» I jw»-wQ 

Ал_1 C2j£ja oljlsWi 
ji (_£jIp t t ^**~о 

LLma _0 

^-LLjj _ ci-LL^wo 

0 jA^ -Д? AjLLo 

ciJjLtll A^w*X*o 

P* (J >Lw- k__j LjwwwO 

ti J-~J' 

a_SLj15L-o o*>L*_»Lo 

o 

цА 5 J С5~*У 

j J-s/2 -О 

■ jjL-o j J_*_o C->L jj I ji -дл 
AjLi^- AjLjI j3 s_3 j-/2-o 

AAjUa^o АЗ jjJ-v2-o 

АД31 jl-o АЗ jj 2 -j 2 _o 
03 Lw2-O 
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Counterions 

оЛ-^а A t_l_»L Jji C t_l->L JJ 1 ' 3 A 

Anti-static 

*L j^5\JJ O^L /Ь-а 

Photomultiplier 


Frequency doubling 


Electron pump 

Oljj 1 

Optically-pumped 

4j j+j2j Ajt A 

Lock-in amplifier 

^15L-I 

Erbium doped. Fiber amplifier-EDFA 

>Ltll ^ J-J Ijl 

Pre-amp 


Proportional amplifier 

^-ST-yg/O 

Semiconductor optical Amplifiers - SOA 

J_0 V jJ_sJ2j Aj j_v2J 

Mathematical identities 

A_w^ Lj ol5jLla_o 

Elastomer 

^j Jalia_o 

Spectroscopy 

LiLia-o 

Fluorescence correlation 

jjJjJI cbLdl JaLoj'yi LiLia_o 

spectroscopy-FCS 


Photoemission spectroscopy 

j-ygJ' oLx-o^l LiLJa_o 

Scanning tunneling spectroscopy STS 

^_JJ LiLia_o 

Calorimetric spectroscopy 

aj ^*__Л LiLJa_o 

Calorimetric spectroscopy 

(_^j 1 ^j>- JiLj LiLJa_o 

Raman spectroscopy 

oLol J <LiLia_o 

Tunneling spectroscopy 

‘LJlaj LiLJa_o 

Shaded 


Continuity equations 

AjjI 1 0^.iL_o 

Transition metals 

аЛ-^о! j^L_o 

Processor 

£cJL_0 

Microprocessors 

Aj oJLo 

Processing 

аЛ L_o 

Transmission coefficient 

Aj^LLJI ^J-oL_o t JLLj^I J_oL_o 

Ductility coefficient 

Aj-Jall ^J_oL_o C c_- 0 >s-_Jl ^J_oL_o 
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Impedance 

Titration 

Nanotitration 

Inspection 

Relaxation rates 

Complex 

Suspensions 

Parameter 

Standard 

Permanent magnets 

Encapsulants 

Vesicle encapsulators 

Ferromagnetic 

Ferromagnet 

Magnetostatic 

Magnetomotive 

Bohr magnetron 

Exchange interaction 

Hall-effect 

Expansion 

Asymptotically 

Complex conjugate 

Clearing 

Photoresistive doped silicon 

Piezoresistive 

Magnetoresistive 

Giant magnetoresistive 

Tunneling magnetoresistance read 

heads 

Wear resistance 




o y\ju> 
dj^j Ij г 





^jjJ I J> 


^Jl 
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Shunting resistance 

Ballistic magnetoresistance-BMR 

Magnetoresistance 

Giant magnetic resistance-GMR 

Anisotropic magnetoresistance-AMR 

Colossal magnetoresistance- cmr 

Enormous magnetoresistance - EMR 

Photoresistivity 

Bulk resistivity 

Bulk resistivity 

Resistivity 

Swap 

Convective accelerometers 

Intercalants 

Yoke 

Bolometer 

Quadrupole mass spectrometer-QMS 

Ellipsometric - measure 

Elastometer 

Discrete accelerometer 

Small scale integration SSI 

Mesoscopic 

Nanoscale 

Criterion 

Photodetector 

Body-centered cubic-bcc 

Face-centered cubic-FCC 

Cubic-close-packed 

Machine 

Key components 


\ ‘L^jLL^ 

(‘CJL—dLJl) Ci-LiJl 4.....1а'_*11 Gjliil 
‘U—bLL^ ‘LjLiL^ 

‘U>-Luu bf ‘U~~JaLL4 iL^jLiL 
SjL^- ‘U—wJau *- 4 GjLiL 

4_LLa 4 L *. » л ‘U^jLiL 

CKL-u 3 ‘U_4jLiL4 
4__LS" ‘U_4jLiL4 
4__LS" 4^4 jLL4 
4—p jj GjLiL^ 44 L 4 JLL 4 
‘LjajLL^ 

^jljJ-l JG-I £jL-j' ^-oLlo 
oU>ci>> 
0 

4j jl jji-| ‘UpLuo^/l AiUaJl ^oLJLo 

^^pL jJl <— LLaJl ^[JLo 

j23^C Jl ^lajjJl ^oLJLo 
Aj J ^il ^oLJLo 


L*o ^oLJLo 


J~ai^4 
j*J*~*2 ^oLJLo 

yjz ^oLJLo 


;Lx_o t JajLvg 


Lio 




LL15 t jjp о_э L^j-^v-o 
p-^gL| S 1 — -*5Lo 

4j>- jJl j5" jA t^_-_*SLo 

t^_w^ jiJl ^|_ддо t-_-*SLo 
A^SLo 
Jjj oL j5Lo 
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Annealed 
Pipette 
Bare region 
Perspectives 

Enzyme - linked immunosorbent-ELISE 

Enzyme - linked immunosorbent-ELISE 

Manipulator 

Nanomanipulator 

Platform 

Degenerate 

Single-degenerate 

Mastercurve 

Transfer curve 

Bisector 

Brillouin zone 

Depletion region 

Heart pacemeaker 

Inkjet 

Discrete 

Oligonucleotide 

Excited 

Chemisorbs 

Charge-offset 

Offset 

To offset 

Evanescent waves 

Surface evanescent waves 

Traveling waves 

Standing waves 

Traveling - wave dielectrophoresis- 
TWDEP 






iaOi jA jlj^bfl ЯрСл 

iaO jA jlj^bfl ApLj 


jjb. 


J J^ 


01 


'У -ji 




> J_v2 J AaJsOo 

i ol jJa>- аО» 


J-j jJS" j-j C J-Jo jJl j-ijo 

o ^ ull ajL^SJI :>! jll 
AL>oJl _ (jjl уй 

AjjI уй 
AjjI ул 

tUl ol>- j-o 
^Ja^Jl -LLP L*j JjIj ol> j-o 

Ao_Lilo ol> j>s 
АЗ ji jjs ol> jo t АД9 jO* ol> j-o 
jL j-^$\Jl o ^>c^Jl ^jLJ АЗ ji j-o ol> j-o 
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Plane wave 

Uniform 

Gene 

Conductance 

Conductivity 

Superconductivity 

Magnetoconductance 

Rest position 

Monomers 

Variable optical Attenuators-VOA 

Mithochondria 

Mesas 

Microelectronics 

Steep subthreshold slope 

Cantilever 

Region chemistry 

Partially depleted-PD 

Hydrophobic 

Oligomeric 

Tone 

Delineate 

Filling ratio 

Aspect ratio 

Rectification ratio 

Uniformly 

Radius of gyration 

Bohrradius 

Semi log 

Semiconductor 

N-type semiconductor 


Aj yJ~~a A>- j -Л 
t J> ул 

aU^<? ya 
aU«v2 ya 
АЛ jli ул 

*~a а2-*/? ya 


'I j^a jj j^ 


o j^Ja Aj j^ /Э > 


oLa 




Ijj-AJ jS у~л 

Loj ^lSvJlj ^SwO 
AwJl Ojj (_^j1j>cjI 
<J jjISJI & 
f-Lo— S _ <L>lj 

Ь J> 

f-LoJJ ojlS jl j^L 
oLo— Uai lj 

pJu t 0 jO 

aUz> ^Jj 

-Ji' 

AaI> jJI A^-*J C A^pLi 

J> j» ,j_-*o 

Uooj-Ul aS j=Ll jJa3 

ybjj ^Ja3 j 

П. _ ^jj J-s<a jjo > 
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Luminance 


Ostwald ripening 

jJl _^W_jl ^ J^ygj 

Flip-flop 

t JssliaJ 

Valence band-VB 

* ^UaJ 

Conduction band-CB 

jS\ (jUaJ 

Parabolic band approximation 

yc\\ ^ilSU.1 ^JaiJ' UaJ 

Band offset 

4jjl _^ll ^Uaj 

Bandgap 

o jj>c 3 (3 Uaj 

Electronic bands 

4-j j _^5vJl olsliaj 

Micro total anaylsis system-MTAS 

^j J.15UI J_Ja*bUl ^UaJ 

Global positioning navigation 
system-GPNS 

£3 jll Jj-XpxU 4a-*}U.I ^Uaj 

Nanoelectromechanical system-NEMS 


Orthodox theory 

4 __*5 5 j->jl 4j y 2j 

Transmittance 

4j5UJI 

Electric susceptibility 

LjU _^5" 4j^Uj 

Tunneling 

c/UJ 

Sequential tunneling 

L*jUj -LJLaj 

Coherent tunneling 

4^5w>Lc <LjLoj 

Co-tunneling 

45jLw> LJLoj 

Imprint 

JJL 

Direct writing by electron beam-DWEB 

oUj _^c5U^/l 4л_^>- ^Ja^jl JJ ^Lo (J-Laj 

Nanoimprint 


Transition point 

1 ^JajJj 

Quiescent point 

4j5*U-> ^Jajij 

Point defects 

l j jS 4 la д > 

Quantum dot 

4^o jj*S JhJij 

Point 

^ \o o i c J U д i 

Etch 


Quadratic growth 
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Reptation model 

Finite 

Byproduct 

Novasomes 

Nucleons 

Migration 

Electrophoresis, electrophoretic 

Brittle 

Gel 

Halogenations 

Filamentous cytosqueletons 

Hydrocarbon 

Cytosqueletons 

Tags 

Transduce 

Exohedral 

Dimeric units 

Subunits 

Monolithic 

Unitary 

Leaflet 

Airbags 

Mid-block 

Catalytic 

Metal via 

Junction 

Salt bridge junction 
Bulk heterojunction 
Double tunnel junction 
Hydrophilic functionalities 


Jj- 

<LjjjLj ^cjIjj 
djCjjLi jj 

oL jJl 

j J 4 CjLjj^S' 0 jPyA 
c/AU 

L SjJ~ cPJ 

lLJ Lo_— o \ j 

JiJ^J 

cjrTjJ- 

4j j-ojJ 
4_P 

4_v^l oJj>-J 

4jJj>-j 
4 42JJJ 

4*jI jJb 

41х5чЛ 

aL^pj 

AjLLo A 

A^_o_^vJ>- o^jL*I_o aJ_v£>j 
4s>-jjya aJLoj 4_1_v£>J 
f-lil £0 AiJjjjs A-viJssj 
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Nucleate 


Unrolled 


Coalesce 


Impinge 

(*-Ц* 

Recover 

Juc^. 

Decant 


Overcompensate 

O^IjJj j /Э J*J 

Epitomize 


Anneal 

(j-^b 

Fluidize 


Buckle 
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L 


Abbe term 

Aberration 

Ablation 

Absolute fluctuations 
Acceptor level 
Achiral 

Acoustic modes 
Actin 

Activation energy 

Actuating 

Actuator 

Adenosine diphosphate - ADP 

Adenosine triphosphate - ATP 

Adressability 

Adsorption 

Advance 

Affinity 

Aggregates 

Aggressive 

Airbags 

Air-bearing -surface ABS 
Airy disk 


-ь- 

1 1. >1 

1 ' t 4j 

d — juL I ( ^ 

Uj -L?L o-)l 
| AiUs» 

s*~° 

^jLo 

IjI ^J^ lo 

Aj jJoJl A^Jjli 

^JjSj 

ajS\ 




jU51 




(J Ь-ь 

UjI oIjUU-o j 

^l j-^Jl — ^Ja^o 

A-sJ J-v^ Aj^S* ^*Uj 


931 



Algorithms 


Aligner 

l-Jldjg-ygl obl 

Allotrope 


Allotropic 


Amino acids 

AJ-vol ^>LH 

Amino groups 

4_J_^o| 

Amorphous 

£ с £ jjJ j^ 

Amphilies 

Ал1*У| L>-J.5j_o 

Amphiphilic 

tjJ_J_oLo| t (J ^LI 

Amplitude 

<J Ua_o t 1 

Analog 


Analyte 

aIU <oL» (^Jj^LL-I) <aLLL-I 

Analyte molecules 

a__LL>- 

Analyte species 

4JJ^*- ^l ^ jI 

Analyte-permeable 

0 J-Lo _ 4_LL>- 

Analytical mass spectrometry 

JJ^JI J^l^iJaJl^Li 

Analytical solution 

(JJ-^- J 

Anastase 

jLj 1 

Anchors 

oljSvj ^O 

Angular momentum 

tij'j (J^j 

Anisotropic 


Anisotropic magnetoresistance- 
AMR 

4_^>-1Ло 'У A^vJall*_o A_o jLfl-o 

Anisotropy 

jj^J. 1 vJ'jLa-L (j^l j^L-I (jjLo t^y>-LJ 'У 

Anneal 

(l)_Jj 

Annealed 

(j-Lo 

Annealing 


Annular symmetry 


Antiferromagnetic 

oLjil 4^*J?LjJ.I AjJuJLI 

Antiparallel-AP 

(^jl^Jl ^La_o £j\j?J> 
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Anti-static 

f\j ^5\U O^U 

Application specific integrated 
circuit-ASIC 

<Lol5c>3 Ojl jJ ^P jj JpJaj 

Aqueous dispersion 


Aqueous self-assembly 

JU jli 

Areal 

iL>-L_~o 

Areal storage density 

U>-UU.I jJxiJl 5i U5" 

Aromatic 

Aj J ap 

Aromatic diamine 


Array 

(t_£jL>La) 

Arrayed waveguide gratings-AWG 

jry <_У-> ЗЛг* 

Aspect ratio 

jJl 4^v*J t «UpL) 4__*J 

Assembly counterpart 

^ oSj* 

Assisted tunneling 

^JjSj J«P Uv-o 

Asymptotically 

AjjLSjj 

Atomic force microscope AFM 

jJl o jiJl 

Atomic force microscopy 

4jJ-L]I 0 J-fiJl 4 j 

Avalanche 

jWt' 

Avalanche photodiode-APD 

^yj^aJl ^Lill jLjil 

Average molecular shape 

^jj-l (J5UJI Ja_-o jLo 

Average polar fraction 

4_JajjJl Jg.«.*< jUo 

Back action 

^lcHl 

Backbone 

jl5i c (_£ j5jjJI 

Backscattered 

4_oLL>- 5 jlku-l t JJ J*Jj 

Backscattering 

JJ jll 

Bacterial expression systems 

4j jZ&j jmXj 4_oJgjl 

Bacteriorhodopsin 


Ballistic 

4_iJ5 

Ballistic magnetoresistance-BMR 

(^UUwJLJl) 4^3 JjjJl 4_^v-JaU*ll 4_o jLfil 1 

Band offset 

4jjl jll (jUaj 
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Bandgap 

Bandwidth 

Bare region 

Basepairs 

Batch processing 

Beam 

Belly 

Biexciton 

Binary 

Biological motors 

Biological receptors 

Bio-MEMS 

Biomimetic 

Biomolecular 

Biomolecules 

Biomotors 

Birefringent 

Bisector 

Bi-stable 

Blank 

Blend devices 
Blended film 
Block 

Body-centered cubic-bcc 

Bohr magnetron 

Bohrradius 

Bolometer 

Bond pads 

Bonding 

Bottom-up 


o уУ 

JLkJl y> jt> 

Si J pLjj 

‘U~jL-j| J J I 

olkUll 


o 5sjl ^jLj 
^jLj i 

yS>- 

_ 4_koLSLv«j 

Sj *e«jLi« i Sj jk-l SI 5 U 
Aj^jJ-I djhjy^-l 

dj^>- 15 j£- 

jL—k'yi ‘LjLj 


j3 (_£jl£- <• *• 

44>-jJjJ.I 

J? jJ^- 

^ ‘J* 

jA t 

JJJ Oj 

jj' jlz3 j 

4j jl j ^- 1 4^pUu>>^i/l AiUaJl ^j-oLJLo 

Jaj^Jl oblll 


i>'-^ 
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Bound electron 
Boundary 

Boundary condition 
Bragg grating 
Bragg reflectors 
Breakdown 
Break-junction 
Bright field 
Brillouin 
Brillouin zone 
Brittle 

Broadband gain 
Buckle 

Building blocks 

Bulk heterojunction 

Bulk micromachining 

Bulk resistivity 

Bulky 

Byproduct 

Calcination 

Calorimetric spectroscopy 

Calorimetric spectroscopy 

Calorimetry 

Canonical 

Canonical partition 

Cantilever 

Cap 

Capacitance microscopy 
Capacity 


‘UU-cdl \> jZ* 

jj ioL-vsS'Ip 

oWr' 

jl I — 

^JaLJl JUdl 
dkjj 

jJ ^jiiaLe 

jlkJl ў> jt ■ 

f-Li oLJ 




A 


4_Jj$" 4_us jLLo 


Ajjju jj 

<_£j I j>- J^Lu LiLJa>s 
aj LiLia_o 

Aj t Ojl jJ"l J^LJ ^%J-P 

Jjli 

J _^L$Jl t LJl 

A^_i 

Aj ^j>til Lu 


935 



Capillarity 
Capture time 
Carbon clusters 

Carbon nanotube field effect 
transistors-CNFET 

Carrier 

Carrier mobility 

Catalytic 

Cavity 

Cell-mimetic 

Ceramic 

Channel proteins 

Charge screening 

Charge-coupled device CCD 

Charge-offset 

Charging 

Chelator 

Chemcial beam epitary - CBE 

Chemical mechanical process-CMP 

Chemical vapor deposition-CVD 

Chemisorbs 

Chemisorption 

Chemisorptives 

Chiral molecule 

Chiral superhelices 

Chirp 

Chromatic 

Chromatic disperssion 
Chromosomal DNA 
Cladding layers 


t Aj jX-** 

U jj J 4.0 


A_j )Lj i 


jUI 


ir* 


JU>til -JU i 


Uj^j^S" 

aUU- 
aLoU-I a j>- 

t^jJj yf- 

a£\<Z- _ Aj ^_U>- 
AjjJJ oUjj jj 


Aj>s-jJl Jl ji I 

AJ>e-jJl _ (Jjl J» 
^j^S_*J I 

UjUo_*^J| ^jLUll Aa 'j>- 
aUUUUo AoUo«U aJ_o_P 


UjUo-UJI o ^xj'yi ' 




1у^Л\ UjUo^SJI il ^il 


^jUo-sS" jljlol 




UoU" u 


(Jl jS) jljl ja *Sif? 
Ull jS aajIs oUJ jJ 


(jj 

jJJloeutJl 

d>jf 

АЛал! оШа 


936 



Clearing 

Clockwise 

Cluster 

Coalesce 

Coarse approach 

Coarse approach mechanism 

Coaxial 

Codeposition 

Coercive field 

Coercivity 

Coextrusion 

Coherence 

Coherence length 

Coherent 

Coherent superposition 

Coherent tunneling 

Collagen 

Collinear 

Colloidal 

Colloidal systems 

Colossal magnetoresistance- cmr 

Combination 

Complementary 

Complex 

Complex conjugate 
Compliant matrix 
Computation 
Conductance 
Conduction 
Conduction band-CB 


Aph-Jl k ’jL eU-l 

Aj J jJLp 4-P j-o-£- 

^ - v — o jJL) 
t o jA j aJ I 

J j^- Jo>iJCa 

JU 

Uoo (^llol 

»«iLo<LojJl <J jJg 

l*LL*ol_oOo t^s5"l j) 
a^SwLc <LjLoj 

ciJ> 

Ajj jJJ A,o.,lg,)l 

0 jL>- 4_^wJaL*_o LojLio 
obUI t o->LL3 y 

JjLx~a 
0 J_L*_o AjjLLo 

АД31 jOo АЗ jjLo2-o 
<L o jj>- 
A^Lyg jo 

Jr^r" 

JUaJ 


937 



Conductivity 

Configuration 

Confinement 

Confinement potential 

Confocal 

Conformation 

Conjugated 

Conjugated polymers 

Constant-field scaling 

Constrictions 

Contact 

Contact alignment 

Continuity equations 

Continuum 

Contourdisk 

Contour plot measuring 

Contrast 

Convective accelerometers 

Conventional 

Convergence 

Convolution 

Coordinating solvent 

Coplanar transmission lines 

Copolymers 

Corner stone 

Corollary 

Correlated 

Correlation 

Co-tunneling 

Coulomb blockade 


J— J t J^L—J 


«uil ўл 
cijI i jj 

c-oLdl JUdl 

CjI 

J— jj __э Liia-jg I 
^jjI i'lM cij'yjU-j 

j-Jl -Ц^ 






^jl^Ll JjJ-I JjI—j" ^*oLLo 


s-Lalll t 'jLaj 


*\f}\ 


j-Lo 


(_£ оЛрх^И JbiJl Jg jiag- 

a 5 ”jLJLo jj 

_гГ^ ‘ 

^jaxJl L^_vg-*-o Aia-j ^il 
<JiLi* JgLJjl 
a 5 jLLo LJjjlj 
4 -_o jJ j5 *сЛр 


938 



Coulomb damping 

c — jJ jS 

Coulter counter 

c/' 

Counterclockwise 

A_pUj| c__^jUp L)lj_j^ oL^I 

Counterions 

oj-yj A V^LjjjI C 1 1 2 A 

Covalent 


Crawling 

— j 

Criterion 

jLous c JsjUJ’ c ^j-^LJU 

Critical 


Cross over 


Cross over frequency 

c-JLgJl jj 

Crossbar architecture 

JJLygJl <w?jL*Jl ojLo^p 

Crosslinkable 

cJ_«-LJJ JjU 

Cross-track 

^JUj _ cJL —оз 

Crucible 

AjOj jj 

Cryo-transmission electron 
microscopy - cryo-TEM 

2 jJl i)j ^xSvJ^M JUlll Aj 

Cryptographic 

Aj J *. Jl AjLJJI 

Crystallinity 

jjJlJI A>-j^ C j jLo 

Cubic-close-packed 

c^-w^ jJl JjLla с_„-л5Со 

Cubits 

J-J 

Current in plane-CIP 

<ў 

Cutoff frequency 

^Jg Jl ^J 

Cytosqueletons 

li. 

Daltons 

d->L jJ J 

Damping 


Dangling bonds 

aJ-Xoj Jajljj 

Dative bonding 


Decant 


Decoded 

^JUJl dJi 

Decoherence 

cJ__^ J 


939 



Decomposed 

De-doping 

Deep UV 

De-excitation 

Defective 

Defects 

Defect-tolerant 

Defmition 

Deflection 

Deflector 

Degenerate 

Delay 

Delineate 

Dendrimer 

Depletion region 

Depolarization 

Deprotonation 

Derivatization 

Desorption 

Detector 

Devitrifying 

Diagonal 

Dialysis 

Diblock 

Dichotomy 

Dielectric 

Dielectrophoresis - DEP 
Differentiate gain 
Differentiator 
Diffraction 


51U 


iLil iJljJ 



> dl. 






i^_3l 


> > AjliiLo 

^Lo jl aJIjI 
0 yjj' illjl 

s ji*il il jil 

aJqIS' 
I aJIjI 

c S ^ ~ 

0 jJLi 

UxSUl 

£>■ 
Jl jtd 

J-Jlidl Sbl 
‘(Г>' 


940 



Diffraction grating 

^ j^L-l 0 

Diffraction pattern 

Ь jL-l 

Diffusivity 

Aj 

Digital 


Digital light projector-DLP 

j J y-P LUvU 

Digits 


Dilute array 

AJSJS^- ^JS^JL^ 

Dimensional control 


Dimeric units 


Diode laser 

l j } J 

Dip-pen lithography 

^—o-xi.1 ^JuJl Lil 

Dipping 


Direct write mode 

o ^jLII ajLSJI > jLjI 

Direct writing by electron beam- 
DWEB 

oljj A js 'j>- aIz-^iI jj ^JuL-o 

Disadvantage 

4_JjLo C s iLx-vi’ aJsj Li t 4jL~J 

Discharging 

AJv>s^xJl jjJj 

Discrete 

aLvsUJ-o 

Discrete accelerometer 

JjSJCj» ^'jLvJ ^oLUo 

Discrete levels 

Ял.1 QAZsA oIjjJLv— o 

Discreteness 

(JLvs2j2jI 

Dislocation relaxation 

^LLl o-U- у^а\ 

Dislocations 


Disordered 

Aj J^ /Э 

Dispersion 

ojui; 

Dispersion forces 


Distort 


Distortion 


Distributed Bragg reflector-DBR 

I_r4hd1 £]> 

Docking 

|>L»bJl C ^jP^JC , J 


941 



Donors 

Dopants 

Doped silicon 

Double helix 

Double tunnel junction 

Double-gate field effect transistor- 

DG FET 

Drag force 

Drain 

Drain-Induced barrier lowering-DIBL 

Drawback 

Drift 

Dual hydropholic - polar (h-p) 
Ductile 

Ductility coefficient 

Durability 

Efficiency 

Eigenfunctions 

Eigenvalues 

Elastic strain 

Elastomer 

Elastometer 

Electric arc 

Electric susceptibility 

Electroactive 

Electrochemically 

Electrode 

Electrodeposition 

Electrokinetic pumping 

Electroless 




jLo 


V Ol J^> 

O- J Lj»^0 

SjLOj J 

AjI ^Jl (jL>ell ^jlj jjZ+jjj jl jJ 


JjU- 



o-LoJJ AAjlS" <K>-j^ya 4...J g,9 
aJJslo t ^Jjli 

‘tJJall ^J-oL*-o t\_^>s-Ul 

4 jUo 


oo- LU 




Cr£l pc 5 
lj jA JUijl 


Jj 

4 jj jll ^y^LJLo 


J^-j^ о*Ў 

UjLi j^S iolij 
Ja-iljj jlS 
ўўу-ў Jj^ 

} J 


J^-J^ УУЎ 

Jk^ 


942 



Electroluminescence 
Electromigration 
Electromotive force 
Electromotive force-EMF 
Electron pairing 
Electron pump 
Electron shuttling 
Electroneutrality 
Electronic bands 
Electroosmosis 
Electrophilic 

Electrophoresis, electrophoretic 

Electrospray mass spectrometry 

Ellipsometric - measure 

Ellipsometry 

Empirical 

Empirically 

Emulsification 

Enatiomers 

Encapsulants 

Encoded 

Endofullerenes 

Endohedral 

Energetic 

Energetics 

Energy band bending 

Enormous magnetoresistance - EMR 

Entanglement 

Entropic recoil 

Entropic trapping 


LjL jjS Д5 o ji 
LjLj jfS 4-ж.Э o ji 

djj&y \ 01 J\ 

Oljj jSS\ 

0j j^LJ} 
a^jIj j^S o-bL^ 
4_j j ySS \ oliUaj 

oL j jSSJ 4_^- 

LjL j^S 0 у> c_A 

^SIS ja j jjS ^ I ^j-LJ 

^jj2jLJl ^lajjJl ^j-^LJLo 
f- j_vsaJl 4_o I 
^jLiLI jJ- t 4jy>xJl ^jli 
Lo j£- 

> I 

o^Lj-o 0>l j jJo^o 


oLjjJ jiJl J_Llj^ 

4 j>- J I Ji-lj.} 

4iUaJl t <_£ jiLL 
AiLiaJl ^ jJlP 
(_5liaJl f-L>Jl 4эЦз 


LLLlJI 
^SLjj ^ ol ^Ijj jl 


943 



Entry 

Enzyme - linked immunosorbent - ELISE 

Enzyme-linked immunosorbent-ELISE 

Epitaxial 

Epitaxial layer 

Epitaxy 

Epitomize 

Erbium doped. Fiber amplifier-EDFA 

Etch 

Eutectic 

EUV 

Evanescent waves 

Exchange interaction 

Exchange splitting 

Excimer 

Excimer laser 

Excitation 

Excited 

Excited state transitions 

Excited states 

Exciton 

Exfoliating 

Exohedral 

Expansion 

Exposure 

Extreme 

Extrinsic 

Extrusion 

Face-centered cubic-FCC 
Factoring 


jA jlj^_oj/l 

IzJ jA ^jjjj/ jljlo^M 4Р-Ь_о 

Ijj jJj oLw) AJlAp t aJ_o!j АаЛэ 

4j j ji-J I I t -jJj 

^Ull ^j^jjl ^*->s_o2_o 

Яз Jbz . il 4_*>s_4*oLJl (_$ ji L*J>I 
^jojLJl j_o 
aJ^Lj J_vPLLo 

^sLLtol J^LJ 


Jj> Lj>sJu*o I jjJ 
ojlj| 

jLt* t 

o jb Jl>- oj/LLol 
Sjlio o j/ U- 

jj^LviJl 

<Stjy 
“U-J 
J j5L_0 

4j_X>- 

4>- jJl (_£ jS" j-' e tw_v*jLo 

<J_o Jp 


944 



Factoring 

aLo 

Factoring algorithms 

J-4 j* J! 

Factorization 

JV J!JJ^ 

Fast switches 

4_*J -L-O 

Fatiguetime 

C_— *Jl 

Fault tolerance 

UaiLl AjLl-oI 

Feedback 

4j JJJ 

Feedbackcontrol 

5JJ jll AjJJcJL o s.^^i 

Ferroelectric 

J>\j I AjjjIP 

Ferromagnet 


Ferromagnetic 

4— v-Ja L_*_o jjb C AjJj-b>- 4^-v- Ja ll*_o 

Fib 

ojS" ^il d~>ljjj S )l 1 ‘LaJ- 

Field 

JLf 

Field effect transistors-FET 

jUxil j^jIj c->lj jb-ojjl y 

Figure ofmerit 

ojljji-l 4 j>-j c (^L^-cJLv^'y 1 ^Jjj 

Figures of merit 

0 jl-Xi-l 4j>- j 1 

Filament 

jg—vi»- 

Filamentation 


Filamentous 


Filamentous cytosqueletons 

<ula^>- Ajjii> 

Fill factor-FF 

\Я 

Filling ratio 

f-^jLl ‘L— J 

Filter 


Fin 

4jUP j 

Fine-tuning 


Finger printing 

4-o_vj2J 

Fingerprint biometric 

4jj_jL-I ^wya'yi 4 jL_Lj 

Finite 

c/V 

Flake 

й 

Flanges 

oLLj 


945 



Flexural 

Flip-flop 

Floating gate 

Floating-body 

Flocculation 

Fluidity 

Fluidize 

Fluorescence 

Fluorescence correlation 

spectroscopy-FCS 

Focus control 

Focus lamp 

Focusing 

Folding stability 

Force amplified biological sensor - FABS 

Forced oscillation 

Forward biased 

Fourier transform 

Fractal scaling 

Fracture strength 

Free energy 

Free radical polymerization 

Free solution 

Free-draining 

Frequency doubling 

Fringing field 

Fuel cell 

Fullerenes 

Full-width at Half-Maximum- 
FWHM 


946 



Fundamental frequency 
Gas chromatography 
Gasket 

Gaussian form 

Gel 

Gene 

Generalized scaling 

Generic 

Genus 

Geodesic domes 

Giant magnetic resistance-GMR 

Giant magnetoresistive 

Gibbs free energy 

Glass passivation 

Glass transition 

Glass transition temperature 

Global positioning navigation 

system-GPNS 

Gon 

Grains 

Graphene 

Grating gratings 

Gravimetric 

Gravimetric 

Ground state 

Group velocity 

Guiding 

Gylcocalyx 

Hall effect 

Hall voltage 


947 



Hall-effect 

<J jJb (J jAJto 

Halogenations 


Hard disk drive 

oJjygJl 4jI 1 43 1 j^u 

Hard drive 

< ) I 43 1 j^u 

Hardness 

4j*>U45 

Harmonic oscillator 

^isl jj »jj Jjs 

Heads or tails 

4-iJj j\ o 

Heart pacemeaker 

t^ijjJl ol jJai»- g>-o 

Heat sinks 

4j jl у>- CjL/ -U -л 

Heat-capacity convolution factor 

4 лР' jJl ojl jJ“l v 3 LixJ 1 ^J-olp 

Heavy-duty 

o^Lo-yg A 

Heptagon 

1 ^L— 

Heterostructure 

OjjliCU 4Ju 

Heterostructured 

4J-JI OjjIaJLo 

Hidden symmetries yields emission 
spectra 

oLi^- o*>LLjJLo oLcol ^iLLl 

Hierarchy 


High performance liquid 
chromatography - hplc. 

JsLJJ JjJ JU dil 

Highest occupied molecular orbitals - 
HOMO's 

iJ y»lil JpVl oljl-U 

Hole transport layer-HTL 

jiiJl ASj 44 L? 

Holey 

4л 

Homopolymers 

( 4 L Lo -— 0 ) 4y— L ***-— 0 c iJ 1 jj 

Hot embossing 

_;U ^r—s' 

Htickel molecular orbital- HMO 

i/diJ 1 J^jU jl-b 

Human Genome project 


Hydration 

4jbL 1 

Hydrocarbon 


Hydrogel 

<Jr 


948 



Hydrolysis 

Hydrolytic biodegradation 
Hydrophilic 

Hydrophilic functionalities 
Hydrophobic 

Hydrophobic functionalities 

Hydroxyl groups 

Hypothetical 

Hysteresis 

Hysteretic 

Icosahedron 

Identity matrix 

Image 

Imaging focal plane 
Impedance 
Impinge 
Imprint 

Incar-fullerenes 

Incineration 

Indium - flush 

Indium Tin oxide - ITO 

Inductive sensors 

Inequality 

Inertia 

Inertial measurement 

Inertially 

Infinite 

Initiator 

Inkjet 

In-plane 


s-llL) 

frLll LjlSjja ‘UjUsj 

&LJJ ojU j 1 oUJ JL 
ULo bf ‘UUj djl j-d 


‘Lwil jL э| 
UjLieu aJ jjljSjo 

0 JJ-jP 

lS lS jJh 

jL*_o 

o oLu jjS ji 

ciy- 

_ v 

^yj ,si<a J ] I i a I 

4joLjU t 4s>tS>-\ JLa 
4JU2P c (Jjta j 

<LJUaP iJlaUxLi 

LJLkp 


ц5_4 — ^ (_S* 


949 



Inspection 

Instrumental 

Integrator 

Intensity 

Inter 

Interband 

Intercalants 

Intercalation 

Interconnects 

Interdgitated 

Interdigitated 

Interference patterns 

Interferometric 

Interferometric schemes 

Interferometry 

Intermixing 

International Technology Roadmap 
of Semiconductors-ITRS 

Interphase 
Interstitial atoms 
Intersublevel- VISL 
Intra 

Intramolecular 

Intrinsic 

Intrinsic carriers concentration 

Intrinsic quantum noise 

Intrinsic stresses 

Inverse opal 

Inversion layer 

Inverter 


iJbl 
JjlSh sbi 

( j J i IO-LJj 


(jUadl 




LJI 


f 

O Uajl y 
LJl>-li jA 

JsLool 

J j-yaJl ^JJ-IaJL) ^UJI ^_Lp 
<lU»-I-\j Jl^Jol 


-iLygJ' 



o*>LoUJJ ^ yS y 

Aj jSt> чЛ->1.>1_£^>-1 

JLjl 

to-j'^Lij'yi JLis» 




950 



Iridescent color 

Irrelevant 

Irreversible 

Isolated pentagon rule - IPR 

Isotherm 

Isotropic 

Issues 

Jelly network 

Junction 

Key components 

Kinetic quenching 

Kinetics 

Label 

Lamellar flow 
Laminar flow 
Lamination 
Lapping process 
Laser ablation 
Lasing 

Lateral force microscope 
Latex 

Latex spheres 
Lattice 

Layer-by-layer LBL 

Layered clay 

Lead 

Leaflet 

Leakage 

Leaky 

Leverage 


Ol V I 

i 

ojl jL\ 

<rjUil 

d- 

j eolj aSL 
1S I iLi'l 


(*— 'J 


coLS" j>- 

0 dj I lo i t JvoN 

>L^v*ol 

^с*Ал/Э) 

JJLyg .1 1 t v - 51 I 

j^-JJL) 4j j^- 
jySS\ 4^Lo~p 
A^ olsM 0 

4_J^ Игл C- jIj ^5 
*u5v^j V 45ч^л> 
4jLis jij 4 jLJ? 

v_3 jis» 
4 jJj jj 


4 j>tJil j 

*ilj <• t £-9 -Xj t £3 jj 


951 



Lifetime 


Ligands 

<. ‘uLji lo oLL>Jj>- t oLjjjI oLjf j-a 

ol jJL*_J 

Light-emitting diodes - LEDS 

f. U Li 

Lightly doped drain LDD 


Line booster 

у>~ус]\ J a>- 

Linewidth 


Lipids 

L) jJb J t olol_L_-J 

Liposomes 


Liquid crystal display-LCD 

JjLJI jC- 

Liquid metal ion source - LMIS 

JjL» L)>L*_o oLjjI 

Lithography 

t LJl jk' jl J 

Lobe 


Local deformations 

Lo ULo oIjLa 

Lock-in amplifier 


Long Haul networks 

LL L Lo ^5 Lp 

Longitudinal - optical - LO 


Longitudinal acoustic phonons 

aJ *Lo oIjL jj j3 

Lorentzian function 

4j^oIj jJ aJL 

Low chirp 


Lower-lying 

U-o5 jJ: JiVl 

Lowest unoccupied molecular orbital 
- LUMO 

0 1 ^ ^ 1 ^ J ^ ^ 

Lubricant 

AjJ^o 

Lumen 

jJ- 

Luminance 


Luminescence 

j^ ^U^jI t ioL_^3 C jj jL 

Luminous efficiency 

LoLwaJl o«=-LL5 

Lumpy 


Machine 

<c5Lo 


952 



Macrocyclic 

Magnetic beads 

Magnetic moment 

Magnetic platter 

Magnetoconductance 

Magnetomotive 

Magnetoresistance 

Magnetoresistive 

Magnetoresistive random acces 

memory-MRAM 

Magnetostatic 

Magnetostriction 

Magnetron sputter deposited 

Majority carriers 

Manipulator 

Many-body 

Mask 

Mass production 
Mastercurve 
Mathematical identities 
Matrix 

Mean free path 
Mechanical actuators 
Mechanical resonators 
Media scaling issues 
Melt mixing 
Meniscus 
Mercury arc lamp 
Meridian 
Merit 



Jl (J jJl o 



^t-l jL_ll 

‘UlloljL» d-jljlj jA 

JjLJJ J^La r> L— _ 

j Jr*-* 
(J jJaJl Ja>- 


953 



Mesas 

oL^ 

Mesoscopic 


Mesoscopic 

jlA ^j*>LJLo 

Metabolic 

4^Jb ) 1 

Metal oxide semiconductor-MOS 

Jo^SI (j 0*>L*a j_o o_iLo2_jl 

Metal via 


Metallo-organic chemical vapor 
deposition-MOCVD 

Ajj_v 2-*J| ioJ_*ll LoLo-*S\Jl 0 j^ejVl jj 

Metastable 

jjJOvLl t jl jAO-ol Al9 J^o 

Metropolitan segment of telecom. 

Aj LL| J_*j /^р oj/L/ajj/l 4л1аЗ 

Micro contact printing (px 71 ) 

jS Lll jLJlj apLL 

Micro electro mechanical systems- 
MEMS 


Micro systems technology-MST 

Aj J j^_ll A_oJaj*S 1 L>- jJ jlSL 

Micro total anaylsis system-MTAS 

^j j£A\ ^J-olSLJl ^J-L^oJl ^UaJ 

Microelectronics 

Lj J J j£~-A 

Microfabrication 


Microfluidic 

4jJ ^SLo L*jLo 

Microfluidics 

4jj j$Lo oloulo 

Micrograph 

Ч j¥r 

Microhotplate 

4jJ j^jO OjL*- 4 >- jJ 

Microlecttromechanical-MEMS 

<. SjJ^ ^J^'^Jj^ 

Micromachined chemical analysis 

Ijj ^SL> ^JLo» ^L-o-sS” ^JL^ 

Micromachining 

<. SjJ^ 

Micro-opto-electromechanical 
systems MOEMS 

Aj j*j2j — AjJ j^jO _ A_^olSLoj j$S A_oJaj| 

Microphase 

lijjv’ Jjb 

Microprocessors 

aj oLL-L*_o 

Microslip 

t SJ 

Microtubules 

ajj ^SLo oL^ol 


954 
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Olj-Ci-I oJ-LUo 4j _ jjU| 0 r J 3\ o—)ljl 

JiL" LLj Lr 
aj_jjIJ coLS" 
iS>lU bjjiz 
Aj^jU оЛ > 

<S>>U 

iSjiU ^jSLISLij j»liiJ 
4 j^->U 4.«,1 


4j^->U 4 ^*jLo 


<SjJU 

4j^->U Jss 

<SjJU jjb. 

AjjjIj ‘U^jISws 


jlj 


4j y > u ^ 


J* 


Aj^jlj ^ 
4 j^jU Lu>- 

4j^U 0 jjL*_0 

jJUJl JliJ'yU apLIs 
v. u yH Jl ^Jji>JJ J-ygJ' ^»J.I 


ц5 л -*1 

jjliaj 

‘Lus a L_vj'y 

J-f, 

<cjIjj-Lo 
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Novasomes 

N-type semiconductor 

Nuclear magnetic resonance-NMR 

Nucleate 

Nucleation 

Nucleons 

Nucleophilic 

Numerical aperture NA 

Occupancy 

Occupied 

Off-axis illumination (OAI) 

Off-current 

Offset 

Oligo 

Oligomeric 

Oligonucleotide 

On and off cycles 

One decade 

Onset of Inversion 

Opacity 

Opal 

Opaline 

Opals 

Optical - electrical - optical - OEO 

Optical birefringence 

Optical fibers 

Optical fluorescence 

Optical interferometry 

Optical lever 

Optical lever readout 
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Optical notch filters 
Optical proximity 

Optical proximity correction - opc 
Optical susceptilbilities 
Optically-pumped 
Optoelectronic properties 
Orbital angular momentum 
Order 

Organic light-emitting diodes-OLED 

Organic optoelectronic 

Organosilane precursors 

Orthodox theory 

Osmotic force 

Ostwald ripening 

Outline 

Outlook 

Overcompensate 

Overglass 

Oxidation 

Parabolas 

Parabolic band approximation 

Paradigm 

Parallel 

Paramagnetic 

Parameter 

Parametric amplification 
Parity 

Partially depleted-PD 

Particulate 

Partition 


Aj j.ygJ 


‘Lo-ljLo cHJ L>c-»ai 




c-^jLllJL 
A j j*/3 > 0*L) j) iLo 
Aj J*.j2 1 A 

Aj j^2j A_uj ^xSsJl Lv2J>- 

Ij (V^j 
Vj 

A^pL Aj у/Э£- чЛ -jLjLj 

Aj Aj J+./Q > A-jj I 

ь jjjI aj ^laj 
A^-s-v^Lj 0 ji 
-\Jl j^w>jl ^ J_ygj 

t aJLs^I Oj j_yg 


■^U j 

0 

AjiilSvo 

^ilSLil ^Ja-flJl (.jUaJ 

jL 

A_^~Jg LJtjj I j L 

S t 1 C J^»l jJ t Aj>-L*_o 
lS j~^ jL 

01 jL-»vO 
Loj^>- t^w^L 
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Passivation 

Pauli exclusion principle 

Peeling 

Pellicle 

Percolation 

Percolation threshold 

Periodicity 

Permalloy 

Permanent magnets 

Permeability 

Permeation 

Permutations 

Perpendicular recording 

Persistent length 

Perspectives 

PH 

Phagocytic 

Phase contrast Microscopy - PCM 
Phase shift 

Phase shift mask - PSM 
Phased electrodes 
Phenomenological 
Phonon 

Phosphosilicate glass-PSG 

Photo luminescence-PL 

Photo-bleaching 

Photo-carrier screening 

Photocurrent 

Photodetector 

Photodiode 
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Photoemission spectroscopy 

j-ygl' oLa-o^l 4^iLia>s 

Photoluminescence 

4_o j_yg 4 _oL _ yg 

Photomask 


Photomultiplier 

c__ipLj2-o 

Photomultiplier tube PMT 

J j_yg v j^jI 

Photonic crystals 

Lo Jj jj jJo 

Photoresistive doped silicon 


Photoresistivity 

LJ 4_osjla_o 

Photo-responsivity 

4^j j-o^ LL>tJLoi 1 

Photosynthetic 

<0 J_o2 4^_vsS" ^J 

Photovoltaic 

4_o j_o 2 ^J ji c LjUaJ jio- j^? 

Physical vapor deposition-PVD 

jl>S_slJ ^jLj-sS jJ 

Physisorption 

ijkjj iLp 1 

Piezoelectric 


Piezoresistive 

'Jjg**/* |»jLLo 

Pilot pen 

r 15 

Pinning field 

oli- JU 

Pipette 

<w?Lo 

Pit 

0 J -Л^* - 

Planar 

^big-swO C jiLsssO 

Planar process 

4j jiLswO OJJ J-wsO 

Plane wave 

4j jJJswO 4j>- J-O 

Plane wave expansion method - 
PWEM 

4j jLwi. 1 4>- jll J_LC 4Л) ^ia 

Plasticity 

^ljJ 

Platform 

JT* 

Plating 

4^JL*j 

Platter 

JsLsO 

Plug flow 

jj3»Aj o^l«Lso 

Point 

д i (, л L д i 
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Point defects 

Polar fraction-f 

Polarity 

Poling process 

Polycyclic 

Polyelectrolyte 

Polyethyleneglycol-PEG 

Polyethyleneoxide-PEO 

Polyhedron 

Polymer latexes 

Polymerization 

Polymersome formers 

Polypeptides 

Population 

Population inversion 

Position sensitive detector-PSD 

Post-processing 

Potential segment 

Power supply 

Powerstrokes 

Pre-amp 

Precession 

Precursor 

Preparation 

Prepolymer 

Principal quantum number 

Probe 

Processing 

Processive 

Processor 





‘ 'UaiL-uhfl sjj 

(_J ********* I ( 

I ( I . jj 1 

(a^-j'^I d-jh-LiCu) Aj^-jSfl 2-\jC*a 

ol jlv2-£- 
o ^-oJj 

^JJ jJl JJfljJj-O 
GIj I J_JJ__J yi 


t. f^\JL)l 


j* 




o* I— ^ 

4j^-L*ll j_*j 


tl) j_o^Jl 4л1аЗ 
Aj j_*j]| jl_gj>- 
0 J J_flJ I l?l J-Jol 


^Jj£ la ^J>r +/ЭА 

» t o-(_£jlj 

jI_u)M 

A JJLjo ^j 

jJ_p 

^ ^jl— 

4j1-L*_o 


£cJU_o 
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Profile 

^oilj t t 4^oL>- oj 

Profile 


Projection 


Proportional amplifier 

^~*>LOo 

Proportional controller 


Proportional gain 


Proportional-integration - PI 

^JjsLSvj 

Proteins 


Protonate 


Protonation 

0 y 1 Яо jj 

Proximity 

4k*llo t 'jLaj 

Proximity alignment 

^jLflj tkLJa^l 

Pseseudo gap 

0 j^x-3 ‘Uji 

Pseudocrystalline 

(_£j jIj 4^ii> 

Pulsed laser deposition-PLD 

^/^.».«.1 1 j j^iiLj t __^> у 

Pulsed laser vaporization- PLV 

^^Д -Jl JjJJL 

Pyramidal pits 

4_оз уь ^Ji>- 

Pyrolysis 

j^ 5 *" Jt>L^Jl 

Pyrolytic 


Quad-psds 

‘Upljj jll t <L*L^U ,^-~^*o>tOo 

Quadrant (quadrants) 

(oLouj) ‘Oxjj 

Quadratic 

UjIj 4>-j.} t Ljuj y 

Quadratic growth 


Quadrupole mass spectrometer - 
QMS 

volks^l ^\>J\ JiSJI ^LkJl 

Quadrupole symmetry 


Quality factor 

0.5 jkl ^J-oLp 

Quantum algorithms 

‘U-o j-o-S" oLo jjl j>- 

Quantum bell 

LT-J^ 

Quantum bits 

A^o j-o-S" tOLlo 
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Quantum computation 
Quantum confinement 
Quantum dot 

Quantum dot composite-QDC 

Quantum dot infrared photodetector 
- QDIP 

Quantum entanglement 

Quantum mechanical effect 

Quantum states 

Quasi-discrete 

Quasiparticle 

Quaternary 

Quenching 

Quiescent point 

Quiescent state 

Radiative decay 

Radioactive 

Radius of gyration 

Raman shift 

Raman spectroscopy 

Random access memory-RAM 

Rapid reversal 

Rare earth 

Reactive ion etching - RIE 

Realizations 

Reciprocal 

Recombination 

Recombine 

Reconfigurable 

Recover 




a^a 4 «« j>- 
t, 

‘О.л j_o«S" aJsjJj 
^_^Jl Lw S> jA 


<C_o yS oj/L>- 
Я1 +& 'й'*А ‘UJ 


£4 j 

У ' Jj yi <. ^L?*J 

<c 5 "L>> а\за) 
(<с 5"1 а>>) j ^^_Jl aJI>- 
^pL*_jJ (J*>L>ol 
LpI*_LJ aJlpU 
A-_ojJ-\JI a 5 y~-\ jhs ' 


jU j Aj>-\j\ 

jUI J LiLLo 
J\ ^JL*Jl (j y & ^Jl _J) ^UJl o j5"L 

'jUjl A_*J J^) 

0 j^L <Cw^jl 

JpLai jj/VL jU: 

oLLJi^ 
J^Llo 
^U'yi <olpJ 
J^bUI 
J-ULlJl <oLpJ aJuL 
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Recovered 

^LxJUwO 

Rectification ratio 

jJ2j 4_^vU 

Redox 


Red-shift 

y-Vl O-ljJ 

Reduction 

J \y£-\ 

Reduction factor 

bJl Jwolp 

Reflectivity 

4_v^> ISLxj 1 

Refluxing 

^^-lj v i iiSJ 

Region chemistry 

o-Lj>-v 5" _ iu>-L 

Relaxation rates 


Relaxation time 


Repair 

^__Lv2J C 

Reprecipitation 

y oilpl 

Reptation model 

jl~*J 

Residual 

<5~~° 

Resilient 

'^jy ‘■Ls^yr 'j 

Resin 


Resist 

( jLi 1 j) 4_xj IjT o^Lo 

Resistivity 

<up jj 4_л jl_a_o t ^LojLLo 

Resolution 

y*a t 4 jLjUj| 

Resonator 

JL 

Responsive phases 

4^L*UUjI jl _jLl 

Rest position 

j>U 

Restoring force 

o^LxJUj'y 1 o ji 

RET 

4^1_и_^*|'У1 Lj>- jJ j^-SJ 

Retrograde-doped 

o 4 jL*Lo 

Reverse bias 


Reversible 

4_v^< j^_P 

Rhodopsin 


Ribosomes 

°^jj_«j 
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.sl^i 
5 wuU 


Ridges 

Rigid 

Rigidity 

Rule of thumb 

Sacrificial 

Salt bridge junction 

Sampling time constant 

Saturation magnetization 

Scaffold 

Scalar 

Scale - up 

Scaling 

Scanned-probe 

Scannig tunneling microscopy - STM 

Scanning electron microscopy - SEM 

Scanning force microscope SFM 

Scanning probe lithography 

Scanning probe microscope- SPM 

Scanning tunneling 

Scanning tunneling microscope-STM 

Scanning tunneling spectroscopy STS 

Scattered 

Scattering 

Scrolls 

Second harmonic generation - SHG 

Seed layer 

Segmented 

Segmented polymers 

Self-assembly 

Self-Assemled Monolayers (SAMS) 


ajSG* 

ўи ^uLii . e _jl A-jjjGI! Jp о-Гс-Ч 

AjljJ t A_j!j ji 



(jGpNl I Ojd 
L_jj I 

aJIoj 


oLaj 4 j 

*Loj yidl — 1 1 aj_,^^ 

SjiJl j&z 

11 1 

^jiiJl ^~ll j^>- 
^&jcS\ ^*~il 




UaJJ. л>1 t 


(jd jsVi 

4j j jj AjLIs 

^ydai 

(jb 

4 _oL»-I tJjLflJaJ jl^ 
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Self-organization 
Semi log 
Semiconductor 

Semiconductor optical Amplifiers- 

SOA 

Sensing 

Sensor 

Separation by Implantation of 
oxygen -SIMOX 
Separation of variables 
Sequential tunneling 
Serif 

Settling time 

Setup 

Shaded 

Shadow evaporation techniques 

Shallow hydrogenic Impurity 

Shear fields 

Shear force 

Sheet 

Shell 

Shielding 

Shunting resistance 
Sign 

Silane - oxide 

Silicon on insulator- SOI 

Simultaneous 

Single 

Single Buried sacrificial layer 
Single electron charging effects 
Single electron transistors-SET 


(jlS pdiCi 
J y* v 

j Aj 1 L>J>r ~/Ь A 





C1 -jI jJci\ 

j^-\ (Jpl Aj -h>- ^ Ajlj^ 
j pN 

iljp| 

^SnojJl JJss oLjLflj 
^joaflJl o ji 

4j>c_oLv^ 


J^02_flj| LojLfl -л 
4oj*>Vp 

о - ~L-~S I 

JjIp 

J_s >-J t (_£.il J-fi->l 
o j j_oJa_o A_jlo jS 0_\-O>-j «AflJss 
^ jjLil Jj ol jJ\3 

5 ^дЛ Jj jS^jy I 0>l J J^O^jl jJ 
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Single wall carbon nanotubes-SWNTS 

Single-degenerate 

Singularities 

Sinusoidal driving force 

Site-directed mutagenesis 

Size-exclusion 

Small scale integration SSI 

Sol gel 

Solubility 

Solvated 

Solvation 

Solvation forces 

Sonication 

Sophisticated 

Source 

Spacer 

Sparkling 

Spectroscopic gap 

Spectroscopy 

Specular layers 

Spherical harmonics 

Spin 

Spin angular momentum 

Spin casti 

Spin flip 

Spin momentum 

Spin valve 

Spin-polarized 

Spintronic 

Spontaneous 


jlJbLl LoUVl LjJUI o^jSdl 
^pl jij\ _ 
coh jjij iColJjr 
d___^- oyal>- o ji 

4j>- jjo _ jjo jjllzj 

,з1_*_и__1 
J_oLSvj ^__l_JLo 

( J-=r _ J J-/>) Jj_j= 

oJjj-ll 

k ’j\JSjO 

4_jl_j-ijl 

*C_j j*jp 
43 jJJo 
J-Uj3_o 

Ор1__о t . J_jali 

jjb 

iLiLi a>s o 

LJLia^j 
iol jA oLiJa 
4j j jS oLJLsl jj 
<J j y* t oUI 4 

tSo'j p-Lj 

^Jj-Xxii .^Uoi 

(JyL) ‘ог 

- (HJ- -L 

JjjjjjjiJ t L«l ooLJ j jz£}\ 
^jis- 
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Sputtering 

Stack 

Standard 

Standard deviation 
Standby 
Standing waves 
State 

State - filling 

State-of-the-art instruments 
Static 

Steady-state 

Stealth liposomes 

Steep subthreshold slope 

Stencil 

Step motor 

Steric forces 

Steric hindrance 

Stiction 

Stiffer 

Stiffness 

Stimuli 

Stochastic 

Stochastic effect 

Stochastic motion 

Stocks shift 

Stoichiometric number 
Stoichiometry 
Stop band 
Strain 

Strain energy 


j_o y c jZ> j 

4_o jS 

lij' 

(_£jLoco s 3 i 

43 ji j_o j-o C 4jiS jOo j_o 

aJL>- 
*^J_o _ aJI>- 
jJ j^^Jl ol^ oJ^_>-l 


jl 1 aJI>- 
oLo jj j^-J 
4_sl*Jl (_£jljj>ol J-^o 


O I jJa>- ji iJ j£- 
oljjJl y (У j3 
ў JjLp C JjLp 

j^Lwo 1 

Jljrfl 

Sjlyi 

ol^sU- 

4-o I j_LsP 
f Ij-sss P J^J L 
4_jl j_sLp 4S" j>- 

jiLSLJl ^J_p 

j-v^oJl ^1Д^У1 ^j-Li 
JoL^? 0 j->c-9 

JLuLI 
JL*_4 jI 4iUs» 
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Strain profile 

^jJL >■ 

Stray fields 

cOjLJ \ў- 

Streaming potential 

0 

Stress 

^U^-i 

Stress relaxation 


Stress-concentrators 

^у\ oljSj* 

Stretching beam 

o JjjT 

String of bits 

olio yo Я1з1з 

Stringent 

t л jL>- 

Stringer 

AjjjLvC? 

Stripe height 

Jaj ^Jjll ^LajjI 

Stripping 


Structure 

ji 1. 4Uj 

Sublimated 


Submicron 

Aj J j5wJ (J 

Substrate 

^jxLxl <oLo c oJ_sS"j 

Subthreshold 

4UjJl OjS 

Subunits 

<LP ў oljj>-j 

Sulfonated polysterene - SPS 


Superconducting quantum 
interference device (squid) 

Jr* 3 ў}\ J5li yS Ji-lat 

Superconductivity 

<5jli <uL^3 y0 

Supercurrent 

jLj 

Superhalo implant 

aJLa Jji £jj 

Superlattice 

Д-Но Li aj j^-J 

Superparamagnetisn 

4_fljLi]l Al3jll «L^vJalxil t 4_fljli <U~~JaL*jjIjL 

Superposition 

(oL5ljj“) yS\y 

Support structure 

^-Pjjl uu 

Supramolecular 

c3j5 

Surface evanescent waves 

^Ja^vJl JJp L*j j +л Д -blj JJ L>- j_o 
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Surface micromachining 

Surface tension 

Surfactant 

Susceptibility 

Suspensions 

Swap 

Switch 

Switching time 

Symmetry 

Synchrotron 

Synthetic antiferromagnetic-SAF 

Synthetic mimics 

Synthons 

Systems on a chip-SOC 
Tags 

Tangential flow 
Tapering 

Tapping mode operation 
Technic 

Technological platform 

Technology 

Telecommunication 

Template 

Tensile stresses 

Term 

Ternary alloys 
Tetrahedron 
Thermal desorption 
Thermal hopping 
Thermal pixels 


ЎЎ 

, ■ ч I Lt 1 

i (J I J — a 

Jhi 

\j> ^J^>) (J J jJJ jSc^* 

4*^Ja3iJJ Jj 

y l\S\g- 

a1v2 jL_o ob_J 
Aili J>\ 

^^IjT 

JjLwO 

jJLJI <L_*_v5j Ojj J~j* 

(<Aj>- jJ jSL)) iLoLflj A>- jJ 
<U>- jJ l AjL5j 
j_*j Lygj I 

^JIi 

aL$>-Nl чл_>1 jj jj 
j~?*jj <• -Ь*~ 
A^j^Lj 

l/^J 

tij'j»" 

tijl^- 

ajjI o*!>L^vs5Lj 


970 



Thermally-assisted recording 

<U3i jil o jl 

Thermodynamic 

4j jl j>- 4^^-oLo 

Thermoelastic 

j>- AjJ jA 

Thermogravimetric 


Thermopiles 

AjjI j>- Ij jLi- 

Thermoplastic 

jjjl jJ t (_£jl j>~ LJjL»»*’ jL t Ojl j-J“l-> A-i— > i-3 

Thermopower 

4jjl ojji 

Third order 

A^\j kJj 

Threshold 

Sps 

Thresholding function 


Throughput 

4^>-Lol 

Time - multiplexing 

j-ocj JjU; _ ^3 

Tip 

j-b 

Titration 

0 jjL*-e 

To offset 

AjjI jA 

Tolerance 

L>-Lo~v»’ t Ojlij 

Toluene 

jijV 

Tone 

t 0 j*j 

Top-down 

, |u-*»l _ 4-о-9 

Torque 

SJ^ f ¥■ 

Torsional 

JLUJl 

Torsional paddle 

aJLjJjI AjCS j 

Track 


Trackwidth 

C— li— i 1 {J^ J^" 

Tractable 

>x-— AJ 1 j 1—9 

Transconductance 

4^L/3 ^il «Jjj L 

Transduce 

Jij^j 

Transfer curve 


Transient 

sS* 
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Transient charges 

0 ^jLp 

Transient charges 

0 ^jLp 

Transition 

aJU&I 

Transition metals 

iJliol J^L*_0 

Transition point 

Jlio'y 1 aIzAj 

Transition temperature 

Jlio'yi j\ J j_>cJl o jl y>- 

Transmission coefficient 

JoUjl ^J-oL*_0 t JUll^/l ^J-oL*_0 

Transmission electron microscope - 
TEM 

ijj ^SJ^M jLio'yi Aj 

Transmission spectrum 

jLio^l cUJa 

Transmissivity 

ajSUj t5JLiol 

Transmittance 

ajSUJI 

Transport 

aJUJI 

Traveling - wave dielectrophoresis - 
TWDEP 

JoLi 5Jl 0 j>j^\ ^LJ aS j3 ja oL>- ja 

Traveling waves 

JoOilo oL>- ja 

Trigonal 

^IsUJl Jo*>\o 

Trim 

V 0 V. o_\_jo 

Tripod 

Jo»U-) jJ 

Tritium 


Truncated 


Tubilin 

y»J_Q JJ 

Tunability 

^UJ jJl aJjIS 

Tunability 

iwUJ jJl aJjIS 

Tunability spectra 

ULU'yi oUJ jj aJjIS 

Tune 

oUJ J C 

Tuning 

vUJ J 

Tunneling 


Tunneling magnetoresistance read 
heads 

ASjliil ^jjJ 1 j jjJ 

Tunneling spectroscopy 

A^JojZj JJLJaos 
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Turbidity 

Uncertainty 

Undercut 

Uniform 

Uniformly 

Unitary 

Univalent 

Unoccupied 

Unoccupied molecular orbitals - 

LUMO's 

Unrolled 

Untangling 

Uptake 

Vacuum sublimation 

Valence band-VB 

Vapor phase deposition 

Variable optical Attenuators-VOA 

Vector 

Vertical cavity surface emitting 

lasers-VCSELS 

Vertices 

Vesicle encapsulators 

Vesicles 

Vibration 

Viral DNA 

Virtual 

Viscoelastic 

Viscous damping 

Voids 

Volume fraction 


4J jjbL jS- • 


h~.\a i ya 
_L>- j_o 

jilScJl ^U-I 
- ol )IJLo 


dJi 

^UaLol 

Г 1 " 5 

o- jilSUJl ^UaJ 

o 4 j oLjb j_o 
4j>tlo 


Ui jjUtJl 0 jj>cJiiJ k^pUll ^Ja^Jl Ll-> I j J-J 
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0*>\-vaj ja- 

> Jj Jj 

<Sjy 

ur^lj^l 

4j>-jJ AjJ ^jO 

Jj jLa; 
olpl J* 
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Vortices (vortex) 

Wafer 

Wavefunction 

Waveguide 

Wavelength division multiplexing- 

WDM 

Wavevector 

Weak inversion 

Weak phase object approximation 
WPOA 

Wear resistance 
Wet layer-WL 
Work function 
Worm micelle 
Write 

X-ray proximity 
Yield strength 
Yoke 

Zero-dimensional 


ji I j i iilij 

^Ла^ 11 JjUixll _jJ»l <J ^JflJl — flj 


ул 4j>tLo 

C-jL-a-vS’ > I 

(_5?d C^L-X-ygJ 1 p— »*4-l J 


^J-Jl AjsjLio 

JijJl 4ib 
i Jzj* 

c AjIuS" 
4*j «L l-sj Ax—il 
^ull 4 jLJo 
0 yLo 
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* 


261 ! 

34 ! JsLyi Jl AjLjLwj'yi 
612 ! oLpMp-J^/I 45* y> jy *L>- yJ^i\ 
612 ! oL~»j>sJl Д5* y>- jy *\s >- I 

! 4_.Jg_ajJ I j_o«J I \S y> j*y *\о>- 

612 

196 \^J4\ 
332 :i^Ul *bL-Vl 
50 t35 : 4^i*_Jl aa_JVI 
35 : o X jcJI 4_o»x_w4u2jJ I (_з jJ UJVl 
827 : Jj jJ j_Jl и_2о j^Sj'S I 

p- ^jJ-JwsS jJJ doLsJgJ' o J wL*J>3 ^u_J!_P I 

108 c 107 : 

123 : a_o>Lw<JI JJLpVI 
276 aUJ^I 
47 c 45 : j jJJl ^LjjI 4-*дз\ 
125 : 4 jjjUI 4_il jS jiJUl UJ'yi 
875 : 4_-*jl_« j_j \jJ I 4_чДз^1 
261 : 3J S'S/I 


325 : jljjjl П jJl oLJT 

455 c 454 : < fl_ojJJl ^j^ISUjI 4.JI 

143 c 142 c 138 : ^yUJl ^o^Jl SJT 
258 : y jiL -м aJI 
646 : <J jjliljjjlS j~a o j>^\ 
183 :^UjV| 

_>_Jl ,Uo_UJJ ^L/UJI jUjNI 
227 : aUJJIj 

830 :oUlJI aU>-Vi 

410 : J j ySSy I oj-^-Vl 

616 : 4_wd j_oU)l J j jzSJ*)! I oj-^-Vl 

869 : JxjUj ^SJJ l oj-^-Vl 
873 c 869 : J*jLj jjJI oj-^-Vl 
663 . 4_o J_sJl jL^j^/I CIjLjJ^ oj-gjj 
830 : lJliJS\ 1ууЧ\ ^UU^S/I 
274 : y ^ J}\yj>\ 
269 : jUlj Uljl 

618 : Д5* y >«_л 4_wwvJ2. 1ж_Д 4>-lj| 
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! ijlj_L>sJl iL_L*_Ld BN LjjLJI o__oU j/l 

234 

197 : UU jJl ijjbJl o__oU)/l 

: c-w_L*ijJl jJ аз oL 4 j jjIJ owwolJl 

231 

291 : o ji*__Jl JjjjUI ^_jU j/l 
233 : ihSUJl cjlUJl t__oU)/l 

-227 1 189 : JjJUJl j^j^JUII o_woUS/l 
c265 1 25 1 c244 t236 t229 

398 c296 c278 c276 t274 i273 

: jl_L>Jl JoLL Jj jjUJI jj^SJl twwjlj j/ 1 
1 238 t237 c235-233 c231-229 
281 i262 t257 c256 t248 t240 

iL_L_*__X__0 4_J J_jLJ| j J_J J_SJ| OwwwJ LJ j/l 

(.257 (.256 (.233 t229 : j J_L>Jl 
295 (.281 (.279 

231 : JJI j_SUl twwoUVl 

245 (.231 : JJl jJJl t-woU^I 
275 : S j jJJjl twwoUS/l 
466 : ^joojjJl JliJj/l 
171 JlliJj/l 
208 : liJyJl J“>UUj/l 
494 : CoU ^LjJl 
358 1 355 : o'sU^joJl oiUUl 
838 : <L_* JaJ' UoU>o_oj/l 4_Jaj j/ 1 
661 : Uoj ^lSJ)/l Jj aJl J_Jaj j/ 1 
854 : ^j ^SJJI JjJSJl JJj>cJl J_JJj/ 


262 : UUUJl oJLj^S/I 
837 : ^yJl J_jaoJl ^jJl 
377 : S jLJl oUjjJJ)/l 
356 :S5j>cJl oUjjJJ)/l 
409 : d_jjjjJl oU j jUJ)/I 

: (l__o_j jjjJl) d_j____Jl oU jjj_SJ)/l 

499 

t533 : 4_LU ( a_ja J o__j oU j jiSJ)/l 

534 

466 : d___Jaj_xjJl oU j jUJ)/l 
439 :Sa jUJl oUjjUJ)/l 
426 : DNA Jl oUj jUJl 
345 : Jj jSLJl oU jjUJ)/l 
662 : LjoUl UUS/I 
279 : Jljo.L/1 
276 ^^yJawJl jljOoj/l 
276 :^UjUJl jljo.j/1 

t258 t96 1 86 :^L_o_UJl jljjoj/l 
722 t630 

285 : ^jjaUjao» j/ 1 
279 : ^jl ^Jl ^Jl 

197 : U jU ( _jU 

232 : Uj>- SijooJl o__oU)/l 

1 194 1 191 1 187 :UjJLJl o^-woUS/l 

t288 t286 t285 t283 t250 

410 (.294-291 t289 
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229 . J-UJ J-*->J С 
589 ! C ^jjJjj 


488 c 485 ! <^л j-<*SLJl c^LJI 
365 ! ^jISCaj'^I 4j!-L> 
203 ! ob-Jj jJl 
735 ! 4-Ja>Jl jJj oLj-m^JI 

111 ! j-o-J j-Jl oL_>J>- o J~xj 


228 

Jj>eJl 4 _jjJj>sJL) 4-*Jl JgJ I I 



c 760 c750 c 749 : U^jUl oljjJUl 

776 


4_La__J j_> 4_o j_> J-Jl oljj-LJl 

759 : JIJJl 

*JjLa]| ^j/ 3 ! j->JI o>L 4_o jj jJJl o>ljjJ-Jl 

772 : UJjJJ 

4_ol_>-l o<_wJaJ I ob Д__> j— > L jJ I o!jj2_Jl 
308 :oobJl 


489 : cj j-JJl *Lj 
198 : Lo ^>x-<j! o jj^SJ! ^^о 
869 : 4^_*jL>j jjLJ! ^l> 


L?— *3 > oL J_JJ C fl_v2_j 4 _J J-jLj ^ 

663 . 4__д j-o-S 


179 : LjjU! o j,jSJ! ао 


211 ! Joj jL5J| 4>- jCfl-o 4_ж_3 ji A_J_> 


817 : o jj j>Jl j^-jcJI 4-o_laj! 
84 : J j jS'LJl o>Ljj>Jl <uJajl 
53 : a___j jLp jj* y>- 4-Jaj| 
629 : 4_»j jJl ^tJajVl 

. 4j j ^SJJ! 4 __SJoLSJjjj j^_SJ! 4-Jgj I 

815 c 814 

4j j ^SJJl 4-_^uLSbuJj ^iJ! 4-Jgj I 

627 : Jj-mUI 

- 589 : JjjLJI «uSJjISJjjj ^_^SJ l 4-JajL/l 
814 c 625 c 608 c 591 

66 : LS! j& уЛ Jl JJal! 

69 ! {J jjU jj! oiLiajj 4-Jaj| 

171 : U-ISJl^/I 
502 : ibLJl ^ ^Ul fUil^/l 
362 : o j-J! JLJj'J 
504 : ^jjjJl с_>*Яа> 1 
42 :^tUl ^ aJ! jLJJ^/l 
246 :^LUI ^^JJ! JgLJl 
245 : JJjU! JgLjS/l 
245 : JjjU! JgLjS/l 
246 : J^Uo^/l 4>-j^j-o JgL>jl 
760 :o^/Ljl 
765 : o_«Sb*Jl o^/L j! 
829 : ciUJl д jyJ\ 
228 : .^1 djUjl 
114 c 1 13 : olJuL jJ5 j-o jiJjl 
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Д-Д -JaJl (jpL>- I ^JIUI 

92 t90 t88 : _olil 

722 ! jl— 5" jl— U ^"Ul ^-o-axJl 

: Ul II ^L^^JLIL ^IJUl ^-^oJl 

103 


. > — s j ., <? oJl jj_£> p — LxJ I j_>- 


UJI 


195 : 4> jjbJl 4j-Jl 
72 . i)\jS jJ— *> J-L_o jJl 
115 : JUI ^JjJl 

J*5L.L*_. oL il J -Л £_J3 ^jJ_J»— <3 Jj_> 

72 : UJlt 4 j ^ 


788 ! ^sLoJl ^jID! ^wo^Dl 

117 1 116 : ol^)/l ol^JjJl 

373 ! j j^>w*ijjl ^x)! ^l*jl 

719 : 4~J jJl ol^JjJl 

373 ! c^^jlw>Jl ^Iaj^I 

727 . A-o jDl cjI ^j>«J j-Jl 

373 ! OjU (Jl>cJ5 ilP ^*_0>tJ>tJ 

719 : Jil _jJl ol j^J jJl 

557 ! ^j-vj^cDl ^_o>«j>o 

800 1 799 t797 : oLjj^JjJl 

374 ! ^-<>-*-oJl ^_o>o>oJ! 

352 ! jJuj c 

> ! ^tJalx)! jl OjjjVb JJoDl 

135 ! . ^ c ^J-o 

597 ! a^jj ji Jjjj>o 
599 ! с_-о» jJ jS* wLeL>bj 
600 ! ^jill _uUd! 

652 ! wLvsbo _ j^o j-J! 

— O — 

609 ! ^ j^Dl D*}LiJ! 

60 ! j-> j-olj 

547 • ^ >ii<)i 1 1 ^ - ,iO >^J 1 

307 1 305 ^j-JI jJlJl 


378 


*>_^и 4i>_Jl _ oLjjL/I <L j_>- ^ 

62 


255 t253 : jjJJL LjlJl 
638 : (jj-jaJl JiJ_dl 

262 : . е ./? 1 1 jjijJl 

262 : ^L-Jl ji_Jl 
489 ^j-dl 
494 : ^j jJl |*_>jjJl 
244 : olJJl 


255 : ^..^.'.l' jjJJL j__L_Jl 
571 : -L^jJl j L^_J I 
614 : o j ^JJl _ j jj ji _yuJl 
614 : о jj ji _ о jj j_9 ^x^-Jl 
644 : >L_oVl 22 ^Jl 4-x—j 

83 t81 ! ^II)! ^w<>j>Dl 
87 c 86 ! 4 jl JD l ^pU-l ^lll! ^vo^Dl 
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! AjjjUJ! Lu^j ^SL l l_-_uL I C-»l jjJLuJj ! у 

395 

397 ! <uSLx~o *}LJ I dj| j s^ijjl ^il! 

348 . Jl olj ji 

349 ! <LwJgjil I <LuLjJl dj| j yL^ у I у 

421 ! <uu^>J! cj! j j^-wo^j! I 

384 . JjLp ^Lp J j^J-vJl olj jLw*j^j ! ji 

(JjLp ^ J_P J j^-J-w^Jl dj| j jJ_wjJj! jJ 

385 ! ‘wwJj 

JjIp ^ ^ Lp j j^^»sL»w*J I c -j I j jj>_ s> > j ji I ji _ 
385 :L15 

348 . j_o-*-wJl uii— » I j jLsj^jI j> 


.383 :oj5LUl 




384 


ob ^JL>c_»oJl J j_x—j— oJ I djl j jjLsjjul jj 

398 : 4jjJLJ! Jjj^JJI ^uUI 
345 : ajj ^SUJ! cjLuLU! cjIjjLsjJj! ^j 
345 : ajjjLJ! cjLoLU! oj!j jLsjJj! j> 
348 : ^iL>s_Jl <J j-J-JI oj!j j^>y>\ у 
554 . Ojl^>Jl 0 ^pL™W I 

379 : ip^^Jl 

265 : ^ij ў jjl j jLl c-j-xJl 

1 574 <. 571 1 570 : ў 3 JO- 5 ' JUJJJI 
577 t575 


571 :s 
571 :, 


,ў]\- 


313 :jj JJJ^jiJl 


116 1 112 : ±ь\ў]\ 

141 : Ja™Jl ijJi Ol 
643 : O Jl ў 
511 : J j Jj_lSL_Jl (_gjl jJI 

1 389 : LjL— с»-3" <LLJ> S j 

574 1 571 


313 t253 : ijJ4\ 

4 _» j xj| <u_j_L*_<J| a j/l s____ 

389 :bLi 


103 : ^j 1д 1 1 S^LoJl y 

189 : ^jJ JJl u_-_S ” ў 

356 : j > Jl o'iUUJl j_S” J 

301 : .^.J t jJL_o y 

367 : MOS j jC_ojjl J 

616 : ^ JcJl jj ^SJj/l j jC_»jjl ў 

377 : o j_jajJl oLJjJl j jC-jJjI J 

397 . ^^j^jjjJl jjj^Jl jjj^ ў\ў> 

367 . Jj jJaJl oLiJl j jCjJjI ^j 

536 . U_j ja j jC_jJjI y 

1 424 : ^ jiCoJl jj ^SsJj/l cjIj jJL_.JjI J 
464-461 (.441 


Ulj-Jl J> MOSFET Jl oIjjJL-OLh 
391 : L>- jjj_Jl 

: JjJLdl MOSFET Jl oljjJojJlji 

380 
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U^LSUoJl ' 


I jljJl aJLLj 
578 


383 ! cJjLp ^^Lp о j5LJ-wvJl 4 jLL> 
409 : j>Jl DU; 

384 : I J ./? aII ДЗ 1_л_> 

56 : JvwsOiU ^JU DLL 
126 : Uj j^voJl ^jwv!2jJl cjLLHj 
Lj wLwLajJI j_5Ls_oJl Jww*_llJI cjLU_> 

642 

31 сЗО :Lil>yJJl oLUJl 
751 : \j jSLoJl Lil у> ^iJJl oLUJl 
75 . ^wvxLJl j_w>«_oJl oLLL 
662 . ^т j-Ll J jDl jt-A**»Aj 

461 c440 : ^JJJ! jJ>^\ oLUJ 
629 : «uijUJl ^U>sjI 4-JUj 
759 : (^JU jJl ^jljJl ^-™ai jJl uU; 

732 : ^Us^aJ I *uUj 

4_lj^>JI JjJj>JL J j jJJI 4_wojJl <ljUj 
535 c 512 

556 : o j L_oJ I LojjVI J jjJl 4 _jU> 

67 1 : j» jjUj| — c Lla.Jo 4 _jU> 

422 : c_o>o jL ~j 4_jU> 
412 c 4 1 1 : j~UJ I <lLo? j aU; 
694 c 665 : 4 _jl» Jj>JI Lo jJl aJ-oL 
665 : UjLoULI Ujj>J| <l_Ljij 
188 : jUJl 


572 c 571 :U$jUJ I ULklL 

590 : jJLJl JUULI 

c 5 1 3 . ij^ j_w_v--o-Ll _д_о U_oJ I j Lw»J I 4_Lw^Lwvj 

514 

243 c 242 : jJ ^__о aj jCJ 
577 : ^j ^SLoJl ^ j ^UJNl ^u^l 
227 : ^Lo>-!>U ^Xj^>JI «✓?;.! I 

160 : ^j>lj-Ul jj j_vj aJl 

44 : ^у>Ла— Jl jjj_oaJl 
483 . CjLojjI j4>~ jJ jJaj 

218 : - JU 

828 jl ^ oJjj JlPUj 

1 12 : ^SLjLwo j j^SDl JvpUUI 

306 : oo> jJ j5* JvpLU 

c 103 c 87 : j_Jjj j_o L)Ls c->*>L_pI Li 

836 c290 

83 : L5 y>- LUJUuJl co^LpUJI 

45 : ^_o?_Jl o-jjUJl 

827 : DNA Jl ^_о_>«о oLp| UU> 

c 347 : U>j ^iLwoJl oL j ^ jlSLL I ULU> 

567 

J _ol SN I CJ*^Lm2 j 4 Vwil s/2 >1 4 >1 fl_> 

348 : Lo-uUl 
35 : UciVl ULU 


47 c45-43 : ULcaNI ^™>J ULU 
579 : ^j-o j_o-wwJl oljb LLU 
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828 : (Jsj j-LJI lIjI _J aJl J-J jj 

193 1 192 1 188 ^jLJl ^jJcil 

458 : j j-— aj j^r ->Lj 

214 : JliLJl ^jJcil 

415 ^^-LcJljLcil 

^JliJl j-oJl .д -s^ ) «Lslij L>- jJ jJ-^o 

_ O _ 

636 . jwbojl wLw-vJI i^woJLo 4 _Lp 
1 878 c 861 c 860 : ^jLi ^_ g_SJl ^o?UJl 

490 t 303 1 302 :UL%c-jL‘ 

879 

249 1 155 : jL_pJ_^ cvC 

81 : ^IJJI r JUJI 

388 : J] _j_^_SLJ 1 Jj_Ul c-jL 

121 : ^j ^SUJl j jJJl >lgu'l 

197 : c jiiil 

270 i243 : U jjt jli cjIj-jJ 

107 : *jUJJ SL>Ul cjULUI 

636 : JaccJl jjjSfl Jcocil 

649 : Д -JLSaSfl cj j/^Ul 

(.583 <. 126 : J-pLUJI j r VL J_ccJl 


775 


-с- 

589 jVJjjb ^jLjjL- 


. LoLwoJ -IpLwfl 4 _w)jjI у>т-> ( 


757 


583 ! о j-Lo ^>5-ojlS* <l*_oU>- 
91 ! JgJ jJl oLoy^Jl 
640 . (J j^-wo j o>- 

111 . 4j^*_0^-*-J J | Lo«wwv>J I 

110 ! JjjUI o-a jj I cj L o-wwvj>- 

O-Jj ^JLSJI^/L j 4_JJg-oJ I О L-o_www>sJ I 
111 !^JjcJI 

569 ! jJl j-JJl JgLlo^/l jLg_>- 

137 ! I jLgj>- 

: JJLi ^j-o-S’ JJ-I.U jLfj>- 

137 

137 : jl4>- 


591 I JjoJl 

74 ^b^AJl Jcocil 
61 :JaOcJl 
636 . J> ). h''\ ^l j £- _^cUl la. JjJ' 
268 i233 :^JI jSS\ gjj]\ 
107 : LBL k~Li>\ Jw ^ ў 

328 : LoLj_3 o y>^ j/l ў 

329 :buj 0 J>!jV I ^-y-^ Ў 

Jj J—L— *J| LwjJ-_*_-oJl 0 '-Z I J-J 

329 :LUU 

329 : ^o2-jJl jjJJL j-* 
508 c 335 l^jJl 
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541 ! oy>Ji\ 

-c- 

542 ! (jjJ^oJl) Josx-oJl ^\j — 

485 ! j»5sJl j^-UJl 

4vJ_vZ2j I ^....L'.*_sJl OjJ«Jl Olil _ 

835 ! oj jJuJl o*}L«L>- 

541 

304 сЗОЗ c 301 : ^j_*_£Jl j^>Jl 

510 . ^-*v° ^o-^lo ol jl z>- 

319 

314 : _v_o jLT iJj- 

466 : oU j jZ&y 1 aS y>- 

486 . Ij_oj^- o^jjI jo- 

853 : a^xjLJI aS ^>Jl 

485 : (1997) yj> v>'j^ 

233 : dLLtJl ^ 

484 . 4__л j_o-^Jl <u___ j_>Jl iol__ajj! j->- 

864 : CuU j>gUJl o <lS y>- 

487 

_ i _ 

192 c 191 :oLU^>Jl 
295 : A*«~,Jb\*-a\ jLJl a^_suLwv>JI 

625 : .^.* - t 

306 : Lub j^S Jl a^vu L wvv>cJ 1 

44 : ^j_«_siJl Jliol 5Jb 

661 : j^o-5Jl j+/2j > Jl 

363 t287 1 153 : SoJJ JJuJl Я)Ь 

556 :^уУ 1 >>J1 

32 :>oJ! JIjJI 

518 : o-vLJI ^JJU- 

360 : ^ > 5Jb 

146 : oJJ ^oJl L>_l*JI aJLL>- 

183 1 180 : vrj-J! iil-Jl 

113 : DNA (jj jJl ^Яо->Л 

227 : oiLjl . J <. jLJLji 

857 : ^*-wJl DNA ^j jJl ^juLojJI 

63 : oUlg.,,? jjl Sii 

499 c 49 1 c483 : vjjJJl Jv*j>Jl 

203 : (^jU i Jjjj 

233 : A-j— vJl UJjVI ь j^->- 

203 : o_>- i . _«Li j^ 

40 : ўу& S j* * 

301 : .v_j .1 t jj__o j 

-t- 

308 : j_o_J tjlLjo^ 

}L_u2_>I UI_5jJ A_JjjJl ju ^JaJl 4 _LjL>- 

349 : JvolScJl Sijli oljb 

380 c 346 : oX^juJl 

349 : J-alSoJl j. / j j >_ о JoalSo oljb 

545 : oLLJl JjU 
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263 ! jJl 

517 ! ^jjwUJl ^Lw? ol^ o?-l jJJl ^jjj 

l^~_Jao*_<>J I 4 _«jU_<Jl oU o?-l jJJl ^JJJ 
526 ! 4-JiJl 

81 : .j» ooJ ‘jVjj 
135 . ._* . 

205 : JLw t <LLj 

- j - 

40 : *_gjlJiJl Ljl j 
502 i 501 : ^j_dl ^jljJl O-jJl 
501 : (_^jl_uJl (_gjljJl j»L-jJl 
500 : ^^yoojjdl .]g.»^<Jl ^j-jJl 
321 (316 (307 oUjjV I £jj 

741 : ‘s>j 

409 JOliL* ( ў j 


- ~ 

550 (546 (545 : ^ 55J™- 
172 : ^JLJlSdJl (_^_Jl 

504 : cglJj jJJVl * э o 

249 . iij j */? 1 1 <ip j 
47 . _^SLwJl ol>Jl*wJl 

42 : JyiiJl J— ">LJl 
102 (87 : J^lSJSfl iL~b 

: ^jij-jJl JsjI jdl dgL JjjjJJl <LL_vJ__o 

190 


349 : J_<.l5dl Lkv- ^uJl oljljJl 
454 : ( ojj^ 


787 : .1 

721 (719 : <LpUI objjjJl 

409 


589 !jJjl* 


.^Ujji 


_ o _ 


517 : ^ lg*. »_oJ I o /IJJI 

: 4__5ч__л1о jJl J\ j-LLdl jUjJI ol jdL 
464 (381 (374 (346 

o jLoJl oIj Jl j-~Ldl jLLjJI ol jdlj 
531 (530 : v-JoXJl 

: oi*>loJl jJ j\ j_LjJI iLJJl ol jS\i 

530 

: ^ jwioeJl o j jj-SLJVl j jjojJl jJ ^JI ji 
465 (464 

701 :L^aJl /IjJJl 


- J - 

210 : .Ц1 _jJl ЯЦ1 j 
97 : (J jj*>Lww. oUajlj 
34 : iWli^Jl ^cJwol J 
321 ! ‘Lujj ')! I A_si jji jJl 

61 ! A-olo J-ojJl A_si jJl 

315 . I Aj^LJl ь \ ^»Jl aJi j^j 
263 : ^jdl Jjj&>)l\ jSj\ 
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398 : IBM 55 
578 1 349 : Intel 55 ^5 
229 : NEC 55 p 
569 t347 : Texas Instruments 55^-1 
325 : j y. 

813 : w-^U- iolJ 
: i Sjj ‘ 




523-521 1 507 : vjjdl j>Lw> 

SjL— L oJl 4 lg *. CoJ I ji ^jJjJl j>Lo-^> 

520 1 519 : 5-*u^Jl 

518 . ^S ' Lil I ^jj-tJl j>Lo-^> 

518 : ^iojJl ^jjJj ^Lo-o^ 5 

37 : 5joiVl 5^L-^> 


346 : 5 jj J joJl oU j __ 4SJVl 5 pL-^> 
75 . 4_j> jo5\Jl (__^-Jl 4 ^-L-o^ 
34 : 5lol5cuJl oljljJl 5^L-^> 
27 . 4-jj ^ xSJlj jLoJl 4pL-jaJl 


- - 

534 . j jl g 5 jl 1 

529 : ojJl ^-0>c-s/2 
590 . jA j>eJl j-o5sJl ^-Ц>с. .,/?-! ' 
168 ! ^SooLSL-oJl 1 1 

679 c 678 ! ^-ojjJl Jg-*-s/g 


169 ! 4-wwss. Jg-X-s-oJ I iJ jJ-*-* 1 

640 ! l-jLL<JI o jSLJwJl 
389 ! WlSLJl S'S/I 25 Uw 


228 ! ^jLLoj c ^JUw 
227 ! j-J Lo jL c cUw>w 
824 c 823 c 820 ! F 0 F r ATP Jbo И 


625 ! .? 



°JJjc^ 
578 . j-o-*-Ul 0 j j j^-** 1 
165 ! jjLJl 4 — л -v^j ojo j— ^ 
138 ! SJu j-oJl AjJUxJL 0 jJo-t— sJl 

102 ! 4— pL*uJI 0 jjg-vwss.il 


- сГ’ - 

493 ! 4-igT^Jl 4 -s1o>-jj-Lw^J| 4-oLLJ| 

569 ! 2JoLJl olj j-LJl cjLLLL 

97 . oLs5 jL-wswJjj 4^-sOu 

440 ! u jiuJl jj j5L^fl 

c578 c568 ! Analog Devices 2 S j L 

580 

434 ! Hewlett-Packard 25 jL 
347 ! Fairchild Semiconductor 25 jL 
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190 < 184 : L^jJj/jJaJl 

- L~ 

387 : jL^SJl LljJl Jjk 

249 : Ljl ^>Jl 4>_kl kUxll ^JoiL 

412 ^^LLLJ I J-oL 

304 t302 : o jiUU J.U 

i439 : L-k-j .> ^-к<Л o j jJlSJJVI j j_wp 
451 (.448 (.446 <.441 

430-428 (.418 : Jl jiJl jj^ 

431 (.428 : kljiJl jiJl jj^ 

431 (.428 : J™LouJl jiJl jj^ 

453 -451 : J ^clJl jJJl jj^ 

876 : j 5 > 1 лр 

856 . ^j/?J>OwoJ' ^*jLJI j oJ j-jj 

605 : jjjkl 

502 : Jai*_Jl ^J-*Jl 

450 (.447 (.444 t 443 : jJ j5 

286 : <J L>-c-j>-J I lLL-jI jl-L-p 

269 : ji*kl 

556 : ^o-UoJl LLp 

251 : «jJjj yr^ )] JL LLf 

t228 : ^jlL-Jl j jJaJJ (——о ^Jl ojLJ-o-p 

768 

42 : (, 5 ojjl 

263 t209 : jjjJLJl LLo 


_ _ 


190 : «-L-LjM JiUa 
196 : Jajl jlll JiUa 
194 : jj jiJl JiUa 
630 : o j>Jl j~-> JiUa 
191 1 188 : oUjiUaJl 
39 t 38 : JalLVU LUaJl 
97 : ц$ jjLJl JlioVL JpLJaJl 

t71 <65 : (_5 j jiJ- oJl ^j—^LJL LLJaJl 

95 

38 : ^LoJL JpLJaJl 
38 : Ш -L-JL Шк1 
836 : ^-tt-soJ' LoL L>l>-I oliJ. 
101 : JJI jJl L>L-jJl oUUaJl 

: 4_ol>-j/l (_£ j_oa_kl 0 J-SLLJI (OaL-Ja 

96 


365 ^lSkVl LJa 
859 <858 : ^Lp LJa 
681 : J*5Lo*lM Lolo JjL Lja 
330 : c— >-> jL — j josL*^ op! -Д 5 


.753 :L«j^ 


<L>- j_oJl j-_— o Ш) j-J 3 


763 


: <_s^ <_Л J-^i Lr“ £ 4 ^' '^-J 0 

82 


571 ^L^SJl JJaJl 

266 • ^ ' L ,А+.Х.*/Э 1 ' J JJr^ 


985 



220 ! 4j>-jVl < uL>-b Uj ohjjJ ji 
222 ! «iLiiUJl cijUj jS jiJl 
541 ! j ^yj jj>- . I Cj jiJj c Uho ji 

- 3 - 


232 c 2 1 0 ! <Jjj^_oJl ^UuJl o-ipli 
185 . jJjj o J.P 1з 

551 c349 c 82 с41 c27 ■ jj-° Oj-jLs 

578 


512 : JjLxJI jyJl 
432 ^jl^Jl jiill 
501 : Xjt Лр 1 ji 
511 . jJ o j 3 
632 : jji Jl ^il-Ll j ji 

632 : >_j jliiJl ^ ji 
632 : L->w?bjJl (_5 jaJI 


632 :cu~tdl ^ji 
632 : ioLj^ijJl j ji5l 



215 : LJujljJl iL-a-Jl LJ j_aJl ^Li 
416 : oLjj>jl 4_L_3 > j^ ^Li 


724 ! JJUJl ^Jb oli ob yl5 
541 ! .1 objjj>- c^U 


-t- 

760 : oLj ^iJl 
766 : LLLJl lIjLj jiJl 
761 1 760 : L j Jjl lIjLj jiJl 
567 : JiLL. i jbuL 

_ O _ 

661 : jj^oL. tijlili 
345 : jL>- t j3 jli 
227 : 3 jLLjj c jloJoli 
267 : ^^iJl jjSJl 4L_jL_i 

121 : j j jiL<J I j jJaJ I J -423 
483 : JlISL» t 
727 t275 LojjJiJl 
835 : 4j_j ^Jl oj jJlLI 
877 . 4_j j . 1 1 o j jJjiJl 
137 : LjjJiJl 
796 : jLJi 
38 : oL jj jiJl 
371 : LoJl LJ ji 
366 : ^tL...<JI (jUaJl LJ ji 

228 t206 : c J ji 

(.207 t203 1 191 1 189 :oL ^^JjJJl 
224 1 218 (.217 


323 : .^j o^jjj c Ll j^L 


986 


219 : <lLHjJ| oLjJ jiJl 
282 o 220 : L_l*_oJl LiaL ji Jl 



. cJjLoj ^JL^J j kLJLwJ 1_з1 j£* jJlJ 

59-56 

5 1 ! Lo j-Jl <uL«»sJl V L Lil J & jlJJl 

oj_lJ| (j j_s V L) 1_*з1 j_p jJlJJI 

58 ! <UL^o-*Jl 

_<2_lJ| (j j_s 4_*_JoVL> 1_з1 j_p jJlJJI 
51 c 50 :Яз^киЛ 

c53 c 52 ! LJ j ^ xSJ^l! Loj>Jl Lil ^p jiJ 

82 

—59 ! oj5" j_<Jl oLjoVl La j>- Lil jp- jiJ 

61 

775 c 35 ! Lo j-vi-!l Lil j & jiJJl 

70 c28 c27 ! ijjLJl Lil>jiJJl 

c 75 ! j«vkL*Jl ^_LJL 4 jjjLJI Lil j & jjjjl 

96 


663 . apj j-Jl А«-»Л_*31 oJ j^J 

o j_>s_j 2JI oli Ll_pLJ| ^Ls_~Jl oljJ-J 
663 : J jUl 

692 t663 : jj-j _ oljjJ 

OUJ^/I oli 4__д j_oJJl JaJJl ol jjJ 

688 \y»>i I 

c-J-1 jJJ JjLJ! <Loj j_oJJ| JaJJl ol jjJ 

691 : Uol j UJy 

: 1.5 um ooLxo'y и> j-<J aL?_a> oljjJ 

689 

o_>5_j 4_*_vi MJ 4_w д j_oJL] I a_L?_Ll 1 I Uo I J^-J 

683 :H^>Jl 
252 : oIjcJJJI 


166 . j_<Jl ^jp jj-^LwvoJl c__a_vo LSLl I 
544 : Lo>Ja_vvJl oj>Jl AiliS" 
245 : UJl о jj ji AsllS" 

228 : JobJl Oj^SJl 
203 : Uol j_l_& jj^iJl 
228 : jJ jjU c jJj jS" 
205 : ^jU c jJj J 
111 >Uj>JlLBLoL / 
179 :oooi c,^o 5 


525 : ^ojJcJl ^L-s^ oe-US" 
677 : j^a>Jl o j-o-5 
860 : ^yijJl o j^SJl 
363 : ^ o j-oi* 
179 . c — оэ jJ jS* o j-oS* 
162 . у .3^)L_J 0 jj*^ 

190 OjUJl 

182 — 180 : ^jjJl ъ oL>oJl ooU y**S 

189 : ^jjJJl oolj y**S UJl 
228 : djjjjj - t J jS 

424 :U2liUJ' *UUl 
823-820 :^jUJl 

- J- 

625 : U . j t U 
227 : (_gl lij t (jj jJ 


439 : 


0 ~i 


I L>“ t J 


70 : jj I J>Li_ j Lil J_J 


987 



170 1 169 1 137 : <_^JJl 

327 : Jj^Vl iliJl 

4 5 Ь - <Jl (ji ^jjjSSi]y\ iLajJl 

335 :UwLjl 

t265 1 1 19 :j jjsSiJy I Jliol J 
666 1 308 

793 : ^j-^Jl jjiSJVl JlUo*Jl 4 j 

833 . 4j j J I 4j I 
834 : ^J-ULiJl JUloJl jj_L' J j^>^> 
793 : j jkJl jjjlL 
169 : L*_Jl ^с_*у*о 4 j ^_g_>s_o 
788 : 4-^5 ^Jl S15WJ1 
860 : аЛЬ j_^_ 5CJ! SJuU^Ji 
144 : Jj\ jJl j yj2j&\ J y>^° 
813 : L> j_^>Jl 4 _cl>^>J 1 olS* j>^° 
650 : o j3 ys>- ^j^s^zjo 

J j_o->cJl 0->tJ Ua-Jo'bAJ ^j j-U-l 1 ^^^Jl 

1 693 : j— o-SUJl j_lJ 1 jg x>. i 

698 c696 

: ^ jjLwvwoJJ Jl 4U_J! jJl ob oLvj>m 


-г- 

44 1 34 <.31 t28 :LLU-Jl UlJl 
137 : ^LJl 
138 : ^laU-4^?j ^_jCJl ^_*a>LoJ! 
853 : <bjjbJl a^xjIJI 
.353 c238 c 152 :^jb ^U^j! IwL^ 


485 : j_JJl l__n5"! j]\ !_\_ш 

422 : jLJl5 JlwUo 
421 : A^jy > Jl o'J 1 _L-<J 1 


C 137 C 135 


191 : jj bJ ! Jaj j 1>^J 1 

. ^_aa>L_oJ! ^j-vL>c_-oJl j_aL>c-J3 

308 c 27 1 c 138 


JaLJLiJ! ob LJ j Js 11 oL 

693 : Jo j_o_SJl 

75 . ^Lxjj <CP j_oj>c_o 

706 . l_9j ^Jj AP j-oj>c_o 

c 314 c 161 c 136 : ojJJl SjJJl j_^_>c_4 
625 c 570 c 4 1 6 


161 C 1 3 6 . ^wvwoJ 1 0 j3 ^->С_Д 
169 : 4_ww*-Jg-L*_oJ ! o j jJJl j_^_>c_4 


524 : ^jjJcJ! ^Lo-s^ o L*->c_o 
641 c 625 : aJLoISwjj ^ 5wJl oLwvv>c_oJl 
28 : j^JaJl J j-L>c_o 
492 : ^jjJcJ! j y>^ 


.149 c 136 c 135 : 


^L ^_>c_o 


c 41 6 c 41 5 c 4 1 1 c 308 c 27 1 
666 c454 

c414 сЗЗЗ 1 ^ «Jl ^_>^> 


988 



269 с247 : oLlj JSLJgjj 
878 ! jLJl J^Loj^l JsLla^j 
153 ! j-yg Jl 0->1_*-о*У1 4_з12а_о 
153 ! LiiJl aJLWJI 
501 :^lo^lj.>LJl 


764 ! з j-oJl aLL_o 
645 ! jLwo aJ^Uj 
645 ! Lojj jJjLL aLL_« 


304 c301 ! jJ^jP ibL* 
286 ! ^oLa^j jj - J jli aJ^Uo 
856 c609 ! ў^> _ j^JL aJ^Uj 


369 ! ^_~oJl <J j-*olo ^JwoL^ 
736 ! ^y>- j-Jl ^JJ Jl cJwL*»o 


844 ! ^ yj> <~~S jj о1лдл-о 
40 \Ji\jjL~ 
547 ! 4_*JJoJl <LwwJg-!ocJ I 


440 ! л_А jj _ J jjjjU u 

428 ! j-L jS J j-*-^ 
511 ! Jjb J J-*o2>3 


I _ j-j Ь jJ _ LxJo j j_S" 4_j jl_d_o 


753 


592 ! aJ ^ gJl ‘Lwwv. J? j^_J I ajjLLJI 
417 . ^joUJl 4 _ojLLo 
640 c 638 ! JlaJcvJl L jUJl 
500 ! A-wwJgjjcJ I JjUJl 


580 ! A_Jg jJl L wL L*> Col jZ^ -л 

213 ! ^ojoJl J j5" jjb jlwU 

c 2 1 3 ! iJjjbLjl LOoJ^Jl oljlwUJl 
420 c 4 1 8 c 41 7 c237 

c 2 1 3 . J jjfeLJl jsS* AwwXj^gJl ol jlwUJl 

420 c 4 1 8 c 4 1 7 c237 c215 

801 c 790 ! aj*j Jl o% JJI 
754 ! aj jjl 2j A_Jlo о1>х_чо j-o 
334 ! ajjj Jl oU-wwvoJl oL5 j* 

c331 c 324 c 323 ! JjJLJl oLJ^Jl 
339 c 332 


333 c 332 : UloJI AojjLJl oL5^Jl 

112 : ^Lj^/ I Jj^Aj ajjj Jl oL5 jJI 

250 : i j^Jl 

875 . jj LJ l ^^LJLjl o>L oLLwJl 

630 : aj j»/2*}\ алз1 jJ| 

C 361 c277 c238 c237 ^jO 

418 c363 

265 : JoJl UL V L ^ j-^>Jl с_5 j->«-~oj 
854 : ^ jLJl ^ joJl ^j 
41 : JiSj 

464 : oL j ^xSLJ^fl J>^j2-a 
663 . ^ j-oj^fL v_oLlJI ^JJJl ^_>cws^Jl 

. J_vg Jwjl C_Ji л /g ) Aj j-V^JI dw> LwL ../g - J I 

691 c663 

677 : v j LL s_i V I ^LjJl aUJI oLIlo 


989 



301 ! jJ j O^jjj W ^j-J-u 
821 ;820 ^Jj-Jl 


- J - 


527 : J_~UaUjl UibJl 
283 t232 : LaIp- jJI 
319 1 3 1 8 i310 : jJl_ji~jjl ^j_U 
181 : Li j jSJj/l oliUaJl 
57 : J j~jaJl jj jSJVl <»Uaj 
641 : J jSJJl j jjx5Uj/l ^»Uaj 
853 : (__£j ^SLJl JulSJl JJj>Jl |»Uaj 

^J_*-J_oJl ^L-O—Sjl J— L_>tlJL]| >1 li : 
854 : Uj ^SLo 

503 : J-lJl co jji Lj ^J ij 

486 . j^SsJl ^jLUJ' 4j _J aj 
135 tij 

137 :LoUJl 
149 :LUiJl 
457 : J->UlMl Jalij 


301 : vj^SUl JaliJl 


73 : fj jjbJl ,jiiUl 

526 : Jj JLl 

313 (.307 : j^' 

313 : liLij^ jU-" 


.661 . jjULvuI <, — ^SUjI J— j jP^ ja * j 


675 1 665 


509 c 508 : ojLj>JI <u jlaJl 

500 : Jjjjj>Jl 4.....1a'.xvJ' 4u jlLjl 

1 330 : 4i‘>Lo_*Jl 4 la •. «_pj I 4u jlioJl 

549 1 544 1 5 14—5 12 o506 


532 1 508 : JiJUJl 4 la •. »jJ I 4u jli<Jl 

t 505 : <L_a-Lju*>Jl 4 . ... . la'. »_J' 4u jLLcJI 
549 1 506 

527 1 507 : vUJl U__kJjJl J jUJl 

533 (.510 : JjLgJl 4 la •. »jJ I <u jUJl 

484 : j j_j jJL 
179 : j jjLJl ^LUJl 
444 : 4 jLUJI 


509 : obLUjJl 

372 : < U> . I ' ^jLSUjj/l 4jUaJu 

753 t242 -240 : ^цЛу. Lkj, 


567 : 4j j ^SUJl 


569 t567 : JUlSUll oLojlUJl 
649 : JjLJI j jJaJl olS JLUoUl il jUl 
203 : ajjILJI jIjjJI 


170 : ^UUl llU- jj» 
578 : jjijju- tjju 


156 . jUUI' 4j_^ j_oJ I 
158 . 4 .,<a j UxJ' oja*oaj! 4_U^ j_oJ I 
419 <.417 . Uoic__Jl 4j_^ j_oJ I 


813 . jJjLS . jLpU-Lj jj< 


990 



c->L>- j_oJl j-oLo ^L Jj^J! o jj>x_a 

843 ! jJLlJ! 

432 c413 с41 1 :4JL^5L)U^J1 
868 

(1) j_) ^_SLJJ ^_o— &L~*sjJ! Ja_j| ^jJ I 4__woJ_J_A 
179 \jJ> I ^>Jl 

179 : о j,>J! 4_^wU_A 

301 : . ^ l^j jJ t cLLj - ^ J j^ 

27 :.j cj j_& 

208 : aj ^J a^Jl cjL jjjSj j J_^J l 

719 : .j c ^JjJa 

- J - 


c 592 : oL2>jl*_U ^^Jjj - jJjl ^j> j-o-> 

596 

516 c 5 1 5 _cJli^ij^>J 

J-*^' er* J' 5 c -’ ^ J— 

504 

581 : 


116 . LaJ jjJ 1 — ^-oJ jJ 1 ^l£j 
168 :jy! ^Jl 
634 : 4 _v2jL>c<JI o?-Lwo>J! oL *^>1 jJl 

81 : . j c^j^ 

803 : oL jjli y 

- Jb - 


229 : jio cjJLlj 
103 : cj jJJ-* 1 jjL *Lj o!jj>-j 
553 : JjiJl JajLoj 
440 . 4j>-j^^Jl <ljLiJ1 4_Ls<^ jJl 
165 : jjiJl 4 _-^_s5j 


27 : .j . J C CJjjjLa 
853 : о j-^jj^- c JLa 
490 : jiLjLa c ^yo^jL^ 

499 : J j! c ^jjjJoLb 
843 : ^yL j-^_5J! JjJl 5 j>*-& 


991 




(*) 


J->JL4 

l£ul2Gj Cibjjljjl p±L JS 


i—t-Tt-SLJl CjJl^-V 4_4_js-j_j 4_1_ш— Ltu-Jl 0J—& p --L " 

c.<_se_ lJI £— (_y_>j_*J1 (j_L> jJI L^_JI ~ ■> j (_yJ<-JI c-iLj. I.2-*>JI 
.^Jjjl |^jL 2JI 4^jJtil Jj-Jj jJj>U“(llj 
iL^jLLSjj cjL^jLlJI ^lc. jL >- _ьз (__j LSJI I jjt Jibij 
Ltxu lj ^ -Ъз 4 _£l£ J (j-U ^C-tiaj J 4 1 JlC. I jj Lb Jl>- J I jj V J д~>- j -Д j 

4_uj J_L^J I j Lljv jJ jj LjJ I j o L j-juiJ LS' 4 _Bj_LI I ^J J-^ (j-u 

4jljJ,l (cj_c o 4 4_u L-q-lSJ I 4_luJJ_^JIj 4-uLij-^LI I 
Cj Lljj jJtfLI V I (Jii-a i^ j-Ll (Jj-ijw A_ 4_£.jLu4lLa ^ t-> > 


4 4_i_l_l^jJ(JI 


4_jj_l5cJI CjL^j_3eJ,lj 


. I) NA Jl I ^ 5 j-cjjtJ, I (_yJ I jJI ^_л <3-^eTJ I Cjl jjj-Ltuj 

. 5 J j. a 1 1 1 CjljjJL ^ С \ .а-.ГЛ j 

c_j }LLJ L<o j i^-i ■%• c i « i^j 4L3 Lui 4_д jJ_<3 l_j LSJ I jj 


CjVLcJ I LlLaJI Cj LuIjjJI J 4j^~i <Ц 4_LA_eLeJl (J>-ljJI 
4(>tAjjl£ jLl Ijj Lxx * л 4jl .4 >>Lc.I i g 'iC ^J-iJl 4_L jjtl I 


>)Jj_uiC.J 4 j>Lj ylc (_gj L < J J-Aj (>Cl>. L-JI J 4 (j\_LC LLl^J I J 

C-l*_J^j (J u~~i °i (_]£" 4 j U_) r£_j . olju-l 4 « 1 1.1 <L. ^jjJu > 

. l-J L$J I I j_e £— ^_tujjjl (_ylc 4 1 1 1— > 1 1 ^LJe-uuJ ^J»-Ij_ej 4ilo I 


I I 
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